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 The functional adaptation model suggests that differences in biomechanical forces 
resulting from habitual loading will be reflected in the trabecular architecture of 
cancellous bone.  Increasingly, trabecular architecture is used to compare habitual 
loading history in both extant and extinct animals. Yet, most research is limited to 
comparisons of differences in architectural measures between species, as it is not 
currently known exactly how trabecular architecture differs with varying principal 
loading conditions.  This study analyzed the cancellous bone of the artiodactyl calcaneus 
(sheep and deer) to examine if and how trabecular architecture varies with respect to 
habitual loading in compression and tension.  The artiodactyl calcaneus has been shown 
to be habitually loaded in bending with compression predominant in the dorsal aspect of 
the bone and tension predominant in the plantar aspect of the bone.  Architectural 
measures analyzed included bone volume fraction, trabecular thickness, trabecular 
separation, trabecular number, connectivity density, and degree of anisotropy.   
Trabecular architecture was assessed across the length of the bone, between the dorsal 
and plantar aspects of the bone, with variation of cortical bone thickness and geometry, 
and between the two species to assess how cancellous bone may specifically adapt to 
habitual compression and tension.  Across the length of the calcaneus the cancellous bone 
was shown to become less dense and less connected with greater trabecular separation 
iv 
 
and fewer trabeculae for both the sheep and deer.  The data from the dorsal and plantar 
regions of both species indicate that alteration in trabecular architecture occurs at a 
localized level rather than across each region as a whole. Cortical thickness and geometry 
were shown to have a significant effect on trabecular architecture in both species.  
Significant differences were found between the sheep and the deer cancellous bone 
specifically in the planter region and in concordance with predicted loading magnitudes 
for each species.  While some significant differences in trabecular architectural were 
identified, much of the variation in the trabecular architecture across the length of the 
bone and between the dorsal and planar regions was not significant suggesting that 
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Cancellous Bone Structure and Organization 
The primary role of the mammalian skeleton is to bear mechanical loads with a 
limited amount of deformation (Martin et al., 1998).  These loads originate from activities 
related to locomotion and movement, as well as muscle and ligament forces that act on 
the bones.  It has long been believed that the structure of bone (cortical and cancellous) is 
determined by the magnitude and orientation of the loads applied to the bone.  The 
interaction between musculoskeletal loading and bone remodeling is believed to 
determine the ultimate structural organization of bone.   
Cancellous bone is composed of an interconnected series of rods and plates made 
up of individual trabeculae that form a honeycomb-like structure.  This structure varies in 
density, thickness, number, and separation of trabeculae both between skeletal elements 
and within regions of individual bones.  Some regions of cancellous bone tend to be very 
dense while others have only sparse amounts of trabeculae. Some regions have very thin 
trabeculae while others have more coarse thick trabeculae (Odgaard, 2001).  
 Additionally, the organization of cancellous bone has been shown to vary with 
location within the skeleton, at times appearing to be organized in orthogonal arrays, and 
at others appearing more randomly arranged (Singh, 1978).  It is the arrangement of the 
trabeculae in cancellous bone along with the material properties of the bone that are 




The structural organization of cancellous bone is generally believed to be 
determined by the interaction between morphological and functional limitations of a 
particular bone (size and shape), biochemical processes (hormonal and nutritional, or as 
influenced by hormones, nutrition, and disease), and applied loads from locomotion 
(Lanyon, 1990).  It is theorized that bone has the ability to transpose habitual loading 
conditions experienced into definite changes in structure that accommodate the loads 
(Roesler, 1981).  Thus the ultimate structure of bone is determined by the magnitude and 
orientation of loads applied though habitual loading.  This has led to the belief that the 
structure of cancellous bone can be used to distinguish, identify, and/or reconstruct the 
loading conditions to which the structure is adapted (Currey, 2002; Lovejoy et al., 2003).  
It has also been suggested, however, that there may be significant differences in the gene 
expression, biophysical stimuli, and the developmental fields that mediate the creation of 
trabecular architecture in different bones and that these aspects may have a greater 
influence on trabecular architecture than habitual loading alone (Kriz, 2002; Kriz et al., 
2002; Lovejoy et al., 2003).  Lovejoy and colleagues suggest that the distributions and 
structure of bone (both cancellous and cortical) can be better understood if they are 
assumed to “reflect the expression of positional information in its anabolic growth zones” 
(2003; p. 101).  They propose that the position of the epiphyseal plate plays a significant 
role in the final structure of cancellous bone.  However, they also include that the 
“material properties and maintenance are also affected by local strain threshold(s) (which 
may be small and/or at least broadly tissue-specific)” (2003; p. 101).  
While the mechanisms that mediate trabecular architectural anisotropy are still 
debated ( Huiskes, 2000; Carter D.R., 2001; Cowin, 2001a; Kriz, 2002; Kriz et al., 2002; 




interactions between genetic and epigenetic actions, morphological and functional 
constraints, applied loads, and biochemical processes.   
 
Bone Functional Adaptation and Cancellous Bone Organization 
The paradigm commonly known as Wolff’s Law has dominated skeletal research 
since its origination (Meyer, 1867; Wolff, 1879; Biewener and Bertram, 1993; Fyhrie and 
Kimura, 1999; Keaveny et al., 2001).  In the mid-nineteenth century it was theorized by 
Wolff and others that cancellous bone was organized following principal loads placed on 
the bone.  Wolff hypothesized a mathematical relationship between the organization of 
the bone and the biomechanical loads.  This trajectorial theory of bone architecture was 
ultimately combined with Roux’s theory of functional adaptation into what is commonly 
known today as “Wolff’s law of bone transformation” (Roesler, 1981).  Wolff’s law says 
that “every change in the form and function of the bones, or of their function alone, is 
followed by certain definite changes (or transformations) in their internal architecture, 
and equally definite secondary alterations of their external conformation, in accordance 
with mathematical laws” (Freiberg, 1902).  Most researchers, however, use a generalized 
concept of Wolff’s law that states that mechanical loads applied to bone during life 
influence the structure of the bone tissue and do not include the mathematical element 
(Cowin, 2001).  Due to the differences between the commonly used definition of Wolff’s 
law and the actual definition as written by Wolff, several researchers have suggested that 
the term “bone functional adaptation” be used for the more commonly used definition 
and “Wolff’s law” for the actual definition with the mathematical inferences (Ruff et al., 
2006).   




the predominant paradigm for the study of bone since it was first proposed.  It is 
generally believed that there is a direct relationship between the organization of 
cancellous bone and the direction and magnitude of the principal stresses placed on the 
bone during habitual loading (Roesler, 1981; Currey, 2002).  This has led to the belief 
that differences in biomechanical forces, resulting from different habitual loading 
conditions (i.e., locomotor behaviors), will be reflected in the trabecular architecture of 
cancellous bone (Currey, 2002).  Accordingly, anisotropic patterns in trabecular 
architecture are increasingly used to compare habitual loading history in both extant and 
extinct animals (i.e., Macchiarelli et al., 1999; Zylstra, 2000; Fajardo and Müller, 2001; 
Martinón-Torres, 2003; Black, 2004; Ryan and Ketcham, 2005a).   
More recently trabecular architectural measures (obtained from both two-
dimensional (2D) and three-dimensional (3D) imaging analyses) have been used to 
attempt to distinguish loading conditions related to habitual loading (i.e., Fajardo et al., 
1999, 2000, 2002; Ryan, 2000; Fajardo, 2004; Fajardo and Muller, 2001; Ryan, 2001; 
MacLatchy and Muller, 2002; Ryan and Ketcham, 2002a, 2002b, 2005b; Maga et al., 
2006).  These studies have attempted to correlate variation in trabecular architecture with 
different habitual loading conditions, and have identified some variation among 
trabecular architectural measures based on mode of locomotion.  However, it has been 
noted that these studies and others are limited to simple comparisons of differences in 
structural measures, as it is not currently known exactly how trabecular architecture 
differs with varying principal loading conditions (Skedros and Baucom, 2007). 
Additionally, studies on cancellous bone have correlated trabecular architectural 
measures with mechanical properties of cancellous bone specimens (i.e., Goldstein, 1987; 




1993b; Goulet et al., 1994; Odgaard et al., 1997; Kabel et al., 1999b, 1999c; Keaveny et 
al., 1999, 2001; Ulrich et al., 1999; Keaveny, 2001; Follet et al., 2005; Mittra et al., 2005, 
2008; Perilli et al., 2008).  These studies have shown that cancellous bone is stronger 
when loaded in its physiological main axis and that trabecular architecture measures often 
correlate significantly with various mechanical properties including strength and 
modulus.  These data have been used to further substantiate the hypothesis that trabecular 
architecture is adapted to best accommodate the habitual loads to which it is subjected.   
The utility of trabecular architectural measures to assess differential habitual 
loading conditions is prevalent in the literature.  However, it appears that trabecular 
architectural measures specifically from cancellous bone under compression and tension 
have not been fully assessed to determine to what extent, if any, cancellous bone 
organizes along the principle loading trajectories, or if trabecular architectural measures 
can be utilized to identify differential loading conditions.  In this context a bone with 
known loading conditions at known locations that could serve as a quantitative reference 
for correlating architectural parameters and loading conditions is needed.   
The artiodactyl (e.g., sheep, deer, and goat) calcaneus has been introduced as a 
model for interpreting functional adaptation of bone because it has been shown to be 
loaded in relatively simple dorsal/plantar bending (Lanyon, 1974; Su, 1998; Su et al., 
1999).  This loading produces predominant compression strains in dorsal cortex and 
tension in the plantar cortex, with the highest strain magnitudes in dorsal (compression) 
cortex.  Skedros and colleagues have shown significant regional differences between the 
cortical bone of the compression and tension cortices of artiodactyl calcaneus.  They have 
shown the compression cortex to have significantly greater cortical thickness and 




Skedros et al., 2007).  Additionally, the arched trabecular patterns seen in lateral 
radiographs of this bone also have been shown to follow the lines of dorsal/compression 
and plantar/tension stress trajectories (Skedros and Baucom, 2007).  The artiodactyl 
calcaneus would appear to be an appropriate bone to use to examine trabecular 
architecture under compression and tension. 
 
Project Questions and Overview 
Following the work of Lanyon, Skedros, and Su the artiodactyl calcaneus will be 
examined as a possible control bone for trabecular architecture in this study.  The primary 
goal of this research is to examine the trabecular architecture of the artiodactyl calcaneus 
in the dorsal and plantar regions over several diaphyseal length locations and with regard 
cortical thickness (as measured by cortical thickness ratio) to investigate how the 
architecture of cancellous bone may adapt to habitual loading in the artiodactyl 
calcaneus.  
The research will first examine the domesticated sheep (Ovis aries) calcaneus to 
examine trabecular bone architecture in cancellous bone habitually loaded in compression 
and tension.  As habitually penned animals, the sheep from which the study specimens 
were obtained are likely to have experienced little habitual extreme locomotor behavior 
such as running or jumping which could cause differences in the habitual directional 
loading of the calcaneus (Figure 1).  The research will then analyze the mule deer 
calcaneus (Odocoileus hemionus hemionus).  The wild mule deer live in a much more 






Figure 1.  Image of domesticated sheep housed similarly to the sheep used in this study.  













been shown with in vitro data (Su, 1998; Su et al., 1999) that even under simulated 
extreme loading  (as would be expected during running, jumping and scattering) the mule 
deer calcaneus remains predominantly habitually loaded in bending.  The mule deer 
calcaneus may therefore be a robust test of trabecular architectural differences for bone 
under compression and tension.  Finally, the trabecular architecture of the two species 
will be compared to examine the possible effects of more extreme loading on trabecular 
architecture.    
There are four primary questions posed by this research: 
1) Does trabecular architecture differ across the length of the calcaneal diaphysis?  
Beam theory indicates that bending moments should increase toward the middle 
region of a cantilevered beam such as the artiodactyl calcaneus.  It is known that 
bending is more effectively countered by compact bone than cancellous bone 
(Guo and Goldstein, 2001; Keaveny, 2001).  Thus one would expect that toward 
the middle of the calcaneus diaphysis there would be an increase in cortical bone 
thickness (as has been elucidated by Skedros and colleagues 1994, 1997, 2004) 
and decrease in cancellous bone with associated changes in trabecular 
architecture.  The more posterior region of the bone, however, is likely subject to 
more complex loading, including shear (due to the insertion of the Achilles 
tendon) and would likely result in increased cancellous bone and associated 
changes in trabecular architecture (Keaveny, 2001; Odgaard, 2001).  The null 
hypothesis for this question will be that there will be no statistically significant 
difference in the trabecular architectural measures across the length of the bone. 
2) Does trabecular architecture vary between cancellous bone believed to be 




 (plantar region)?  Studies have shown that cancellous bone is generally weaker in 
tension than in compression for biomechanical measures (Keaveny, 2001).  
Additionally, studies have shown that trabecular architectural measures are 
correlated with biomechanical strength properties (see discussion in Concepts and 
Literature Review).  Thus it can be expected that the regions of the artiodactyl 
calcaneus that are habitually under compression and tension would exhibit 
differential trabecular architecture.  The null hypothesis for this question will be 
that there will be no statistically significant difference between the trabecular 
architectural measures from the bone in the dorsal (compression) and plantar 
(tension) regions.   
3) Does trabecular architecture vary with cortical thickness as measured by 
 cortical thickness ratio?  It is known that cortical bone has greater compressive 
 and tensile strength than cancellous bone (Keaveny, 2001) and accordingly 
 bending is more effectively countered by cortical bone than cancellous bone.  
 Additionally, the middle region of a beam/bone under habitual bending should 
 experience greater bending strains than the distal/free end.  As more of the load is 
 effectively countered by cortical bone one would expect alterations in the 
 trabecular bone architecture.  The null hypothesis for this question will be that 
 trabecular architectural measures will not vary significantly with cortical 
 thickness ratio. 
4)  Does trabecular architecture vary with Imax/Imin ratio?  Imax/Imin is an 
 estimation of cross-sectional shape and bending rigidity.  The greater the 
 deviation from 1 of the Imax/Imin ratio of a cross section, the greater departure 




 defined.  The shape of the cross section changes over the length of both the sheep 
 and deer calcaneus, becoming more oval and less round suggesting that the 
 Imax/Imin ratio will be greater, and further away from 1, towards the middle of 
 the bones.  It can be expected that greater Imax/Imin ratios will be associated with 
 greater directional bending rigidity that will result in alterations in the trabecular 
 bone architecture.  The null hypothesis for this question will be that trabecular 
 architecture will not vary significantly with Imax/Imin ratio. 
5)  Does trabecular architecture vary between the two species?  The sheep and 
 deer are species that share a similar body design and similar evolutionary history; 
 yet, the deer is considered to have increased loading due to the natural habitat and 
 habitual activity levels.  This would subject the deer calcaneus to more extreme 
 loading and thus higher bending loads.  This differential loading would be 
 expected to produce trabecular architecture more suited to higher stresses, greater 
 strains and bending loads produced from their habitual activity when compared to 
 the sheep with a less extreme habitual loads and activity levels.  The null  
 hypothesis for this question will be that trabecular architectural measures will not 
 vary significantly between the two species. 
Each aspect of the study will utilize microcomputed tomography (micro-CT) to 
image the trabecular bone within the specimens.  Micro-CT imaging allows for the 
internal structure of the specimens to be analyzed without destruction of the specimens. 
The trabecular architecture of each specimen will then be quantified using computer 
based analyses designed to assess trabecular architecture from the micro-CT scans.  The 
trabecular architecture measures will then be statistically analyzed to identify similarities 








Trabecular Architecture and Mechanical Loading 
 “The geometric and spatial properties of trabeculae in cancellous bone are 
collectively known as the cancellous bone architecture” or trabecular architecture 
(Odgaard, 2001 p 14-1).  Research to identify the relationship between trabecular 
architecture/structure and habitual musculoskeletal stresses has mainly focused on 
identifying the influence of loads on the remodeling processes and the influence of 
trabecular architecture on mechanical properties of cancellous bones.  Following Wolff, 
Meyer, and Roux the earliest quantitative work attempted to elaborate the relationship 
between mechanical loading and the structure of cancellous bone.   
Pauwels (1980) found a correspondence between the pattern of stresses 
experienced and the distribution of cancellous bone in the human femoral head.  It was 
concluded that the density, thickness, and number of trabeculae corresponded to the 
magnitude and direction of load to minimize bending stresses.  Lanyon (1974) used stress 
gauges attached to the calcaneus of sheep to record the principle strain directions during 
normal locomotion in vivo.  He noted a correspondence between the orientation of the 
calcaneal trabeculae and the strain directions of the maximum deformation.  Similarly, 
Biewieener et al. (1996) recorded in vivo principle strains in the potoroo calcaneus during 
treadmill walking and in situ during experimental loading followed by thin sectioning and 




They showed that there were two main trabecular tracks, one aligned closely with the 
direction of the principle compressive strain and the other aligned closely with the 
principle tensile strain direction.  Biewieener and colleagues also showed that in the 
experimental group of tenotomized potoroos trabecular bone volume fraction, thickness, 
and number were reduced compared to the control group, thus showing a relationship 
between trabecular architecture, loading, and disuse.  In a study of different substrates 
Radin et al. (1982) reported that hard surfaces produced stiffer more isotropic cancellous 
bone in the femora of sheep compared to softer surfaces.    
It has also been shown that trabecular orientation is correlated with principle 
stress directions with finite element analysis (FEA) models. Early work with FEA 
showed significant correlations between trabecular architecture and principle strains in a 
human patella model (Hayes and Snyder, 1981).  This work and later work also indicated 
that maximum shear stresses and high bending loads are additionally important factors 
for the arrangement of cancellous bone.  Shear coupling caused by multidirectional 
loading was shown to be reduced when trabeculae were aligned nonorthogonally, 
suggesting that nonorthogonal structure maybe be optimal for cancellous bone under 
multidirectional loads (Piaparti and Turner, 1997).   It has also been shown that 
multidirectional loading produced less extreme stress gradients than unidirectional 
loading and can have an effect on the density and distribution of cancellous bone (Carter 
et al., 1989).   
 
Trabecular Architecture and Material Properties 
The architecture of cancellous bone is oriented in such a way that a “grain” can 




grain generally follows the direction of the perceived main physiological habitual loading 
axis ( Wolff, 1879; Goldstein, 1987; Turner, 1992; Keaveny and Hayes, 1993a; Cowin, 
2001b; Keaveny, 2001; Skedros and Baucom, 2007; Perilli et al., 2008), and the greatest 
mechanical stiffness and strength are considered to be in the direction of the grain (Fox 
and Keaveny, 2001, 2003; Keaveny et al., 2001).    Supporting this, cancellous bone has 
been shown to be stronger for both static and cyclic loading in the physiological main 
loading axis than in off-axis loading ( Turner et al., 1990; Ford and Keaveny, 1996; 
Bayraktar and Keaveny, 2004; Dendorfer et al., 2008).  Consequently, trabecular 
architecture is generally considered one of the primary determinants for the strength of 
cancellous bone ( McCalden et al., 1997; Kabel et al., 1999b; van Rietbergen et al., 1999; 
van Rietbergen and Huiskes, 2001), and therefore is often a central feature in describing 
cancellous bone properties.     
The initial work to establish morphological terms to describe and categorize 
cancellous bone structure was qualitative description with little to no quantitative 
analyses (Singh, 1978). Whitehouse and colleagues were among the earliest to conduct 
quantitative analyses on cancellous bone structure (Whitehouse, 1974; Whitehouse and 
Dyson, 1974; Whitehouse, 1975). Using stereological techniques and scanning electron 
microscope imaging to quantify histomorphometric parameters they demonstrated 
significant variation in trabecular architecture (size, shape, connectivity, and structural 
anisotropy) dependent on anatomic location (Whitehouse, 1974; Whitehouse and Dyson, 
1974; Whitehouse, 1975;).  This early work was limited because the methods were not 
only very time consuming but required destruction of the specimen prohibiting further 
analysis.   




trabecular architecture measures; the most prominent and widely used are either obtained 
from histological sections (2D) or from 3D reconstructions of cancellous bone using 
adapted stereological methods.  The following is a review of the most commonly used 
measures used to quantify and characterize trabecular architecture in cancellous bone 
studies.  
 
Trabecular Bone Volume Fraction 
Trabecular bone volume fraction (BV/TV) is one of the fundamental properties of 
cancellous bone.  It is defined as trabecular bone volume per total reference volume.  For 
a region or volume of interest,    
 
Bone volume fraction can be considered the histomorphometric counterpart of 
apparent density, or the total mass per unit volume of bone and a measure of the degree 
of mineralization (Keaveny et al., 2001; Odgaard, 2001).  Apparent density has been 
shown to be highly correlated with cancellous bone mechanical properties including 
compressive and tensile yield stress, Young’s modulus, and ultimate stress (Hodgskinson 
and Currey, 1990; Keaveny and Hayes, 1993b; Keaveny et al., 1999; Keaveny, 2001; 
Keaveny et al., 2001;).  BV/TV has been shown to be directly correlated with apparent 
density and is considered an appropriate alternate measure of bone density in analyses of 
cancellous bone (Goulet et al., 1994; Keaveny et al., 2001; Ding et al., 2002; Perilli et al., 
2008).   
Bone volume fraction has been shown to be highly correlated with several 
mechanical properties of cancellous bone including trabecular bone stiffness, ultimate 
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stress, yield stress, maximum compressive stress, and Young’s modulus ( Feldkamp et 
al., 1989; Fyhrie et al., 1993; Goldstein et al., 1993; Goulet et al., 1994; Odgaard et al., 
1997; Kabel et al., 1999b, 1999c; Ulrich et al., 1999; Follet et al., 2005; Mittra et al., 
2005, 2008; Diederich et al., 2009; Liu et al., 2010).  An increase in BV/TV is associated 
with increasing strength and stiffness of cancellous bone, while a reduction in bone 
volume fraction has been shown to lead to a decrease in modulus and strength values 
(Goulet et al., 1994; Silva and Gibson, 1997; Diederich et al., 2009; Keaveny, 2001; 
Keaveny et al., 2001; Follet et al., 2005; Mittra et al., 2008; Perilli et al., 2008; Liu et al., 
2010).  
Bone volume fraction, while an important measure of cancellous bone, does not 
provide any information about the actual organization or structure of cancellous bone. It 
is believed that a full understanding of modulus-density relationship requires an equal 
understanding of the role trabecular architecture plays (Keaveny et al., 2001). Parameters 
that quantify trabecular geometry include mean trabecular number (TbN), thickness 
(TbTh), separation (TbSp), connectivity, and degree of anisotropy.   
 
Trabecular Thickness 
Trabecular thickness (TbTh) is a calculation of the average thickness of individual 
trabeculae within a region of interest.  The measure is directly calculated from 3D 
reconstructions by measuring the mean diameter of maximally sized spheres filling the 
trabecular structure (Odgaard, 2001; Patel et al., 2003).  Higher values of TbTh have been 
found in regions of cancellous bone believed to be the principal compressive regions of 
the femoral head (Fazzalari et al., 1983).  Trabecular thickness has been shown to be 




modulus (Follet et al., 2005; Perilli et al., 2008).  High TbTh values have been shown to 
be associated with higher trabecular bone stiffness, ultimate compressive strength, 
Young’s modulus, and shear modulus while lower TbTh values have been associated 
with lower Young’s and shear moduli (Ulrich et al., 1999; Mittra et al., 2005; Diederich 
et al., 2009; Liu et al., 2010).  Additionally, the failure regions of mechanically tested 
cancellous bone have been shown to have lower TbTh values (Perilli et al., 2008).  
   
Trabecular Separation 
Trabecular separation (TbSp) is an average measure of the distance between 
trabeculae within a region of interest, or a measure of the average diameter of the marrow 
spaces in the cancellous bone in a region of interest.  The measure is directly calculated 
by taking the mean diameter of spheres filling the marrow spaces within a region of 
interest (Odgaard, 2001; Patel et al., 2003).  TbSp has been shown to be significantly 
negatively correlated with maximum compressive stress, ultimate stress, yield stress and 
Young’s modulus (Follet et al., 2005; Mittra et al., 2008).  Cancellous bone with larger 
TbSp values has been shown to have lower trabecular bone stiffness, Young’s modulus 
and shear modulus (Ulrich et al., 1999; Follet et al., 2005; Mittra et al., 2008; Diederich 
et al., 2009; Liu et al., 2010).  Additionally, Perilli et al. (2008) showed that higher TbSp 
values were found in the failure regions of mechanically tested cancellous bone.  TbSp 
was also found to be lower in the regions of cancellous bone believed to be the principal 







 Trabecular number (TbN) is a calculation of the number of individual trabeculae 
within a region of interest.  Most often the TbN is calculated as the inverse of the mean 
diameter of spheres filling the skeletonized structure (Odgaard, 2001; Patel et al., 2003).  
The TbN parameter has been shown to be highly correlated with maximum compressive 
stress, ultimate stress, yield stress, and Young’s modulus (Follet et al., 2005; Mittra et al., 
2008).  Cancellous bone with low TbN values has been shown to have low Young’s 
modulus and low shear modulus while cancellous bone with higher TbN values has been 
shown to have higher Young’s, and shear moduli (Ulrich et al., 1999).  Additionally, 
Perilli et al. (2008) found that TbN values were lowest in the failure regions of 
mechanically tested cancellous bone.   Using 2D finite element analysis, Silva and 
Gibson (1997) presented that a reduction in the number of trabeculae had a greater effect 
on the strength of cancellous bone than did a reduction in trabecular thickness.   
In addition to these basic geometric measures, parameters to account for the 
connectivity and architectural anisotropy of cancellous bone have also been developed. 
 
Connectivity 
Connectivity of a structure is defined as a measure of the degree to which a 
structure is multiply connected and reports the maximum number of branches that can be 
severed before the structure is broken into separate parts (Odgaard and Gundersen, 1993).  
If a structure consisting of nodes and branches has more than one possible pathway 
between nodes it is defined as multiply connected (Figure 3).  Connectivity is most often 
estimated, in both 2D and 3D analyses, using the Euler number.  The Euler number is a 














Figure 3.  Schematic depicting a multiply connected network.  There are two pathways (1 









object (Compston, 1994).  In a 3D structure, the Euler number is defined as the number 
of cuts that can be made before separating the structure and thus provides a direct 
measure of connectivity (Odgaard and Gundersen, 1993; Compston, 1994).  The final 
Euler number calculation provides a negative number, structures that have a high degree 
of connectivity have a high negative number while those with less connectivity will have 
a lower, but still negative, Euler number  (Compston, 1994).  For 3D analyses of 
cancellous bone, connectivity is often represented as connectivity density (ConnD), 
which is simply the Euler number divided by the volume of the region of interest (ROI) 
from which it was calculated.  Because the Euler number is negative, ConnD is also a 
negative metric with higher negative numbers representing higher values of connectivity.  
Due to the possible confusion that may arise from the negative values of the Euler 
number and connectivity density, the absolute values of the metrics are sometimes 
presented, especially in recent bone analysis software packages developed to work with 
micro-CT data (i.e., Scanco Corp and GE HealthCare MicroView).   
Connectivity is considered to be independent of trabecular shape, size, or 
orientation, and may therefore not be directly related to mechanical properties of  
cancellous bone (Compston, 1994).  Not surprisingly, the published data on connectivity 
and connectivity density of cancellous bone is often conflicting and there has yet to be a 
consensus on the exact relationship between the connectivity and mechanical properties 
of cancellous bone.  Follet and colleagues (2005) showed a nonsignificant correlation 
between connectivity density and both Young’s modulus and maximum compressive 
stress.  Their data showed that as maximum compressive stress and Young’s modulus 
increased cancellous bone structure tended to be more highly connected (Follet et al., 




statistically significant moderate correlation between ConnD and yield stress and ultimate 
stress.  Their data showed that more highly connected cancellous bone was associated 
with higher yield stress and ultimate stress, and that ConnD was better at predicting these 
mechanical measures than was bone mineral density from DEXA scans (Mittra et al., 
2008).  Finally, Perilli et al. (2008) using trabecular bone patter factor (TbPf), an alternate 
measure of connectivity density that has been shown to be sensitive to imaging 
parameters and therefore not commonly used, showed that the higher ultimate stress 
values were significantly correlated with more highly connected structures. 
 
Anisotropy 
Trabecular architectural anisotropy, or the differential orientation of trabeculae, 
has been noted and considered mechanically important since the work of Wolff and von 
Meyer.  Trabecular anisotropy is most often quantified using a fabric tensor (Odgaard, 
1997).  Introduced by Cowin (Cowin, 1985), a fabric tensor is defined as a second-rank 
tensor that gives a local description of the architectural anisotropy.  There have been 
several methods developed to capture architectural anisotropy.  The most widely used 
one is Mean Intercept Length (MIL) (Odgaard, 1997; Odgaard, 2001).   
Mean Intercept Length (MIL) was developed by Whitehouse (1974).  In this 
technique the number of intersections between a linear grid of parallel lines and the 
bone/marrow interface are counted as a function of the grid’s 3D orientation 
(Whitehouse, 1974).  The MIL is the total line length divided by the number of 
intersections.  MIL data are often fit to an ellipse (2D) or ellipsoid (3D) with the primary 
axis representing the primary direction of the trabecular structure, to graphically represent 




There are a few caveats associated with MIL.  The results of MIL analyses are 
dependent on the interface between the bone/marrow phases, not the actual structure, and 
therefore may not necessarily fully characterize all types of structures (Odgaard, 1997; 
Odgaard et al., 1997).  Additionally, MIL is dependent on the length and orientation of 
the intercepts and not the position of the components of the structure.  This can result in 
some anisotropic structures appearing isotropic (Odgaard, 1997; Odgaard et al., 1997).  
This does not have a significant effect on the determination of anisotropy for most 
structures and appears to be negligible for most cancellous bone structures (Kuo and 
Carter, 1991; Odgaard, 1997; Odgaard et al., 1997).  While it has been shown that MIL 
can underestimate the complexity of some cancellous bone specimens (Geraets, 1998), 
MIL has never the less been shown to be an effective method to characterize the 
anisotropy of cancellous bone structures ( Odgaard et al., 1997; Odgaard, 2001;  Ketcham 
and Ryan, 2004). 
Using the MIL method, trabecular architectural anisotropy is   “…described by 
main directions perpendicular to symmetry planes of the structure and by numbers 
describing the concentration of directions around the main directions.” (Odgaard, 
2001:14-7).  Fabric tensors provide the descriptions of trabecular architecture where the 
eigenvectors of a 3x3 orientation matrix give the main directions and the eigenvalues 
give the degree of concentration around the main directions (Cowin, 1985).  The degree 
of anisotropy (DA) is a commonly used index of anisotropy and is calculated as the 
primary eigenvalue divided by the tertiary eigenvalue (t1/t3).  DA ratios near 1 indicate 
the structure is more isotropic and less anisotropic.  As the DA values increase from 1 the 




The degree of anisotropy (DA) has not been shown to have a statistically 
significant relationship with the mechanical properties of cancellous bone, but several 
researchers have assessed the relationship between DA and mechanical properties.  
Ulrich et al. (1999) showed that the lowest DA was found in cancellous bone with the 
lowest Young’s and Shear moduli, and the highest DA values were associated with the 
cancellous bone with the highest Young’s and shear moduli.  Follet et al. (2005) and 
Mittra et al. (2008) have shown that DA does not have a statistically significant 
correlation to maximum compressive stress, ultimate stress, or Young’s modulus.  In 
general, however, they showed that increasing DA values are associated with increasing 
values of the mechanical properties (i.e., elastic modulus, yield strength, and ultimate 
stress) when cancellous bone samples were loaded in the principal direction of trabecular 
structure (Follet et al., 2005; Mittra et al., 2008).   
 
Cortical Bone  
 The role that the surrounding cortical bone plays in the architecture of trabecular 
bone cannot be over looked.  Cortical bone is known to carry the majority of the 
mechanical loads experienced by bones.  The thickness and the relative 
orientation/arrangement of cortical bone surrounding cancellous bone should be 
accounted for in any analysis of trabecular architecture.  The two types of bone, while 
morphologically distinct are in reality a continuum of bone that work as one to withstand 
applied mechanical loads.   
Differential thickening of opposing cortical bone aspects have been studied to 
examine the effect cortical thickness on bone load adaptation.  Trabecular eccentricity, or 




proposed as a mechanism of bone adaptation to habitual loads (Fox and Keaveny, 2001, 
2003).  In tubular bones or bone sections where the cancellous bone is surrounded by a 
cortical envelope, trabecular eccentricity results in thicker cortical bone on one aspect 
compared to the opposing aspect.  Essentially, trabecular eccentricity is a measure of 
cortical bone thickness on opposing aspects of a bone.  For example in the human 
femoral neck, trabecular eccentricity results in thicker cortical bone on the inferior aspect 
than on the superior aspect, and in the midshaft of the artiodactyl calcaneus trabecular 
eccentricity results in thicker cortical bone on the dorsal aspect than on the plantar aspect 
(Figure 4).   
Fox and Keaveny (2001, 2003) used the human femoral neck to test the 
biomechanical significance of, and provide a mechanistic explanation for, the relationship 
between trabecular eccentricity/differential cortical bone thickness and stresses in the  
femoral neck.  They used composite beam theory and modeled the femoral neck with 
axial compressive as well as tensile and compressive bending stresses to estimate the 
effect of varying trabecular eccentricity on periosteal stresses in the superior “tension” 
and inferior “compression” aspects of the neck.  Trabecular eccentricity (e) was defined 
as the superior position of cancellous bone with respect to the midplane of the neck, 
resulting from thicker cortical bone in the inferior aspect and thinner cortical bone in the 
superior aspect (Figure 5).  Therefore, higher values of trabecular eccentricity in their 
study meant the trabecular bone was more superiorly placed, toward the “tension” aspect 
of the human femoral neck.  
The study showed that compared to the concentric cases (e=0) with equal 
thickness of cortical bone on both aspects, stresses at the periosteal surface changed (± 





   
 
 
Figure 4.  Micro-CT images of cross sections of A) the human femoral neck at midshaft 
(superior = top, inferior = bottom) and B) mule deer calcaneus at 40% shaft length 
(dorsal = top, plantar = bottom).  Both showing trabecular eccentricity (noncentral 











Figure 5.  Schematic representation of three different trabecular eccentricity (e) 
scenarios.  Following the definition from Fox and Keaveny (2001).  Dark gray 
represents the cortical envelope with center = a, and lighter gray represents cancellous 
bone with center = b.  A) Trabecular eccentricity toward the tension aspect (e = x).  
B)  No trabecular eccentricity (e = 0).  C) Trabecular eccentricity toward the 
compression aspect (e = -x).  Fox and Keaveny did not include negative trabecular 
eccentricity in their study, but it is included here for clarification of the measure and 
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(with thinner cortical bone) of the femoral neck, stress increased with increasing 
trabecular eccentricity.  Conversely, in the inferior “compression” aspect (thicker cortical 
bone), the magnitude of stress decreased with increasing eccentricity. 
Trabecular eccentricity was suggested to have an overall protective effect by 
decreasing the magnitude of the effective bending moment at the cross section of the 
bone.  Increasing trabecular eccentricity was shown to have an effect equivalent to 
increasing overall cortical thickness or increasing trabecular modulus.  The harmful effect 
of increasing trabecular eccentricity at the tension aspect was shown to be outweighed by 
the greater beneficial effect in the compression aspect.   
Trabecular eccentricity alters the amount of cortical bone on opposing aspects of 
the cortical envelope of a bone.  This results in thinner cortical bone in the tension aspect  
and thus the cancellous bone on the tension aspect bears more of the load experienced in 
that aspect.  It is known that generally cancellous bone is substantially weaker in tension 
than it is in compression (Keaveny, 2001).  However, it was shown that the tension aspect 
was less sensitive to increased stresses caused by the increased trabecular eccentricity.  It 
is possible that trabecular architecture is optimized in this region to accommodate the 
increased load.  Conversely, the trabecular architecture of the cancellous bone on the 
compression side would be organized to reflect the lessening of load experienced with 
increasing trabecular eccentricity/cortical bone thickness.  
Limb/Tubular bones are often examined using a beam model to predict stress, 
strength, and rigidity through the use of cross-sectional geometric properties.  In most 
analyses, limb bones are modeled as either solid or hollow cylindrical beams subjected to 
two-point bending forces applied to their ends.  Beams/Bones loaded in pure bending will 




the area of the section).  Because of bone curvature, muscle action and other factors 
bones are subjected to bending as well as pure axial loads in vivo.  If the beams/bones are 
loaded with a combination of bending moments and axial forces, then the neutral axis 
will be shifted away from the centroid and toward the cortex under tension (Leiberman et 
al., 2004; Ruff and Hayes, 1983).   
Cross-sectional geometric properties have been used to test hypotheses and make 
inferences about mechanical adaptation of bones for several decades.  The earliest studies 
utilized cortical bone cross-sectional area to infer a bone’s resistance to axial 
compression and tension.  Cross-sectional area or measures of cortical thickness can 
provide poor or skewed results because resistance to bending is dependent on the 
distribution of material in a cross section.  Second moments of area or moments of inertia 
measure how material is distributed about a defined axis and thus became the primary 
measures used because they better characterize the resistance of a tubular bone to 
bending around a particular axis.   
The second moment of area (I) is generally calculated with respect to orthogonal 
axes determined either by anatomical or arbitrary planes (Ix, Iy) or with respect to 
orthogonal principal axes (Imax, Imin).  The principal axes of a section define the 
directions of greatest and least bending rigidity.  Imax and Imin indicate the relative 
magnitudes of greatest and least bending rigidity of a section.   Ratios of the orthogonal 
measures of I (Ix/Iy or Imax/Imin) have been used to quantify cross-sectional shape. The 
Imax/Imin ratio indicates the degree to which the cross section deviates from circularity.  
An Imax/Imin ratio close to 1.0 indicates near circularity in shape while a ratio much 
greater than 1.0 indicates a departure from circularity and a strongly defined direction of 




Numerous studies have examined bone functional adaptation of limb bones using 
cross-sectional geometric properties of cortical bone for both human and nonhuman 
species and have shown varying degrees of correlation between cross-sectional geometric 
properties and habitual loading strains (i.e., Ruff, 1981; Woo et al., 1981; Ruff and 
Hayes; 1983; Ruff, 1989; Swartz, 1993; Heinrich et al., 1999; Robling et al., 2002).  A 
series of studies (Demes et al., 1998, 2001; Lieberman et al., 2004) showed that in vivo 
strain patterns obtained using strain-gauges during locomotion in laboratory animals were 
not well correlated with cross-sectional geometry of bones.  These studies found that the 
predicted bending axes generally did not match well with the experimentally determined 
neutral axes or that the cross sections were not geometrically reinforced in regions of 
maximum strain.  These data prompted the authors to advise against making “broad 
behavioral conclusions” from cross-sectional geometry alone (Demes et al., 2001).  
However, cross-sectional properties calculated relative to the centriod can still be 
considered as valid approximations of true bending rigidity and strength (Ruff et al., 
2006).  Deviations of the estimated values from actual values are also of less concern 
when individuals being compared are from the same species or closely related species 
that share an evolutionary history and basic body design (Ruff et al., 2006); research 
continues to provide support for cross-sectional morphology and mechanical loading 
under such circumstances (Ruff, 1989; Nunamker et al., 1990; McCarthy and Jeffcoat, 
1992; Stock and Pfeiffer, 2001; Robling et al., 2002).  Most researchers calculate cross-
sectional properties using the area centroid due to the lack of experimental data on the 
neutral axis position.  Because of this, most analyses of cross-sectional geometric 
properties do not assume the absolute values are correct but rather that the relative values 




Lieberman et al., 2004). 
 
A Proposed Bone for Bone Adaptation to  
Habitual Compression and Tension 
The artiodactyl (sheep, deer, goats) calcaneus has been introduced as a model for 
interpreting bone adaptation to habitual loads due to its identification as a short-
cantilevered beam with longitudinal compression and tension strains predominating in the 
opposing dorsal and plantar aspects of the bone (Lanyon, 1973,1974,1981,1992; Skedros, 
1994; Skedros et al., 1993b, 1994a, 1995, 1996, 1997, 2001d, 2003b, 2004, 2012; Su, 
1998; Su et al., 1999; Skedros and Baucom, 2007; Sinclair et al., 2013).  
Lanyon (1973; 1974) first described the sheep calcaneus as being under a habitual 
simple bending regime.  Using in vivo strain gauges placed on the cortical bone of the 
calcanei of a total of 15 live active adult domesticated sheep (Ovis aries), Lanyon showed 
a close correspondence between arched trabecular patterns and orientations of principal 
strains experienced by the bones.  He described the calcaneus as a cantilevered beam-like 
structure that typically experiences relatively simple compression-tension (bending) 
loading.  Lanyon determined that during locomotion the “…principal compressive strain 
coincided with the trabeculae in the dorsal tract and the principal tensile strain with those 
in the plantar tract” (1974).   
Following the work of Lanyon, Su and colleagues (1998; 1999) conducted an in-
vitro study using simulated loading of the mule deer (Odocoileus hemionus hemionus) 
calcaneus to further characterize the artiodactyl calcaneus.  Su et al. used strain gauges to 
record principal strains, maximum shear strains, and principal strain angles from several 




range of simulated habitual and extreme loading conditions.  The results showed that the 
dorsal cortex of the mule deer calcaneus experienced longitudinal compressive strains 
while the plantar cortex received longitudinal tensile strains, indicating that the deer 
calcaneus is in simple bending during habitual loading condition similar to the sheep 
calcaneus (Su, 1998; Su et al., 1999).  This same study showed that during off axis 
loading, to simulate extremes of twisting, turning, running and jumping, the 
dorsal/compression- plantar /tension strain dichotomy was highly consistent.  
Additionally, as noted in other skeletal elements and hypothesized for the artiodactyl 
calcaneus, the plantar ligament and tendon of the superficial digital flexor muscle were 
shown to play a key role in load sharing on the plantar surface.   The study demonstrated 
that the functionally loaded (both habitual and extreme) mule deer calcaneus generally 
behaves like a short cantilevered beam with compression and tension strains 
predominating the dorsal and plantar cortices, respectively (Su, 1998; Su et al., 1999). 
Based on the identification of the artiodactyl calcaneus as a cantilevered beam in 
simple bending, Skedros and colleagues have introduced the artiodactyl calcaneus as a 
control bone for bone adaptation to habitual loading and characterized the material 
property differences between cortical bone under habitual compression and tension 
(Skedros and Bloebaum, 1991; Skedros, 1994; Skedros and Dirksmeier, 1995; Skedros et 
al., 1993a, b, 1994c, 1995, 1996, 1997, 2001a, b, c, d, 2003a, b, c, 2004, 2006, 2007).  
The work of Skedros and colleagues has been extensive and has attempted to characterize 
material properties of the artiodactyl calcaneus as fully as possible.  This characterization 
has primarily been concerned with identifying and characterizing differences between 
cortical bone under compression and tension.  The group has identified numerous 




and plantar “tension” cortices including greater cortical thickness, increased mineral 
content, increased secondary osteon population density, more cross-linked collagen 
fibers, and lower porosity in the dorsal cortex compared to the plantar cortex.   
Skedros and Baucom (2007) showed that the trabecular tracts of the artiodactyl 
calcaneus from the compression and tension loaded aspects of the bone follow the 
trajectories of compression/tension stress, form orthogonal (90°) intersections, and are 
described by the same nonlinear equations that can be superimposed on the those of 
cantilevered beams.  They present their data as further evidence that the artiodactyl 
calcaneus can be accurately modeled as a short cantilevered beam and that the cancellous 
bone of the artiodactyl calcaneus, similar to the cortices, is under habitual compression in 
the dorsal aspect and tension in the plantar aspect.  
Recently, Skedros and colleagues (2012) examined if trabecular tracts from the 
compression and tension regions of the artiodactyl calcaneus exhibit similar differences 
in mineral content and microscopic mineralization heterogeneity as the cortical bone 
from the same regions.  They included both skeletally immature and mature deer in the 
analysis.  They found that mineral content, as determined by backscatter electron (BSE) 
images, was significantly greater in the compression tracts for both the immature and 
mature groups.  Similarly, they also showed that bulk mineral ash content tended to be 
greater in the compression tracts for both groups.  Mineralization heterogeneity was 
found to only differ between the tracts in the immature group.  The differences in mineral 
content and bulk ash in the trabecular tracts were much less than those seen in the 
cortices and published data.  However, the data suggest that the small differences may not 




that architectural modifications primarily adapt the trabecular tracts to local load 
demands.   
Sinclair et al. (2013) sought to quantify regional variation in trabecular 
architecture of the sheep and deer calcaneus toward further establishing the bone as a 
possible control bone for studies examining relationships between trabecular architecture 
and stress transfer in the anthropoid femoral neck.  They hypothesized that differences in 
specific trabecular architectural characteristics would be seen between the 
dorsal/compression and plantar/tension trabecular tracts in the calcaneus.  The authors 
based their hypotheses on studies of ovine and human trabecular bone that showed that 1) 
energy absorption to yield, ultimate stress, and yield strength are nearly 30% lower in 
tension versus compression (Keaveny et al. 1994 a, b,;  Bayraktar et al., 2004); 2) 
trabecular bone is weakest in shear when compared to compression and tension (Mitton 
et al., 1997; Keaveny et al., 2001; Sanyal et al., 2012); 3) compressive yield strains are 
higher in tension (Keaveny et al., 1994; Kopperdahl and Keaveny, 1998; Rincon-Kohli 
and Zysser, 2009; Wolfram et al., 2011); 4) microdamage initiation and propagation 
occur differently and asymmetrical in tension, compression, and shear (Nyman et al., 
2009; Wu and Neiber, 2012); 5) trabecular architecture is highly sensitive to change in 
prevalent/predominant loading direction and magnitude (Pontzer et al., 2006; van der 
Meulen et al., 2006, 2009; Barak et al., 2011).  Following methods established by 
Skedros et al. (1997), they divided the diaphysis of the calcaneus up into the midshaft 
(40% and 50% of diaphysis length) and distal shaft (20% and 30% of diaphysis length).   
They made four predictions/hypotheses. 1) That the midshaft would show dorsal-
plantar trabecular architecture differences with enhancements occurring in the 




properties.” Predicted enhancements include BV/TV, TbTh, TbN, ConnD, and DA being 
higher in the plantar region compared to the dorsal, and TbSp being higher in the dorsal 
compared to plantar.  2) That the distal shaft would show fewer dorsal-plantar differences 
in trabecular architecture due to the extensive interconnections and increased load 
complexity of the region that would be expected to reduce differences in ambient strain 
magnitudes between the dorsal and plantar trabecular tracts.  3) That the midshaft would 
show dorsal-middle-plantar differences that reflect low strains/stresses and/or increased 
prevalence of shear stresses in the neural axis (middle).  The hypothesized differences 
included the middle region having lower BV/TV, TbTh, TbN, ConnD, and DA and 
higher TbSp than the dorsal or plantar regions. 4) That the distal shaft would show fewer 
and less distinct/consistent dorsal-middle-plantar differences in trabecular architecture 
compared to the midshaft.  
To test the hypotheses, volumes of interest (VOI) were obtained from micro-CT 
scans of the bones and the trabecular architecture measures were obtained using the 
MicroView software (GE Health Care).  The VOIs obtained from each specimen at each 
location were of varying sizes.  Mean VOI sizes for the deer ranged from 105 ± 40 mm3 
to 297 ± 66 mm3 and for the sheep from 202 ± 65 mm3 to 340 ± 79 mm3.  The analyses 
utilized three-way ANOVA to assess effects and interactions between region (dorsal, 
middle, plantar), section (midshaft, distal shaft), and species.  Then paired T-tests were 
utilized to compare differences in each region at each section for each species.  Pearson’s 
correlation coefficients were calculated to identify association between pairs of trabecular 
architectural characteristic and between cortical bone thickness and each trabecular 
architecture characteristics within each species.  The authors do not indicate if specific 




measure was considered independent in the analysis as the described statistics would 
indicate. 
The results showed that for the deer calcaneus midshaft only TbN differed in the 
hypothesized manner between the dorsal and plantar regions.  The deer midshaft showed 
no other statistically significant differences between the dorsal and plantar regions.  
Statistical “trends” were seen in ConnD and TbSp, but they were not consistent with the 
hypothesized relationships.  When only similar sized volumes of interest were compared, 
the differences in ConnD became statistically significant.  In the sheep midshaft 
significant differences were found between the dorsal and plantar regions for TbSp, TbN 
and ConnD, but the differences were not consistent with the hypothesized relationships.  
In the distal shaft of the deer calcaneus, only ConnD had statistically significant 
differences between dorsal and plantar regions.  In the sheep calcaneus distal shaft 
significant differences were seen between dorsal and plantar regions in BV/TV, TbTh, 
TbN, ConnD, and DA, rejecting the hypothesis that fewer differences would be seen in 
the distal shaft versus the midshaft.  Finally, the data showed that in the midshaft the 
middle region of both the deer and sheep generally differed from the dorsal and plantar 
regions.  The distal shaft of the deer had five of eight characteristics differing in a similar 
manner to the midshaft, which was not consistent with the hypotheses.  The sheep distal 
shaft, however, showed only one of eight characteristics differing as predicted between 
dorsal-middle-plantar regions compared to five of eight at the midshaft, thus supporting 
the hypothesis that the distal shaft would have fewer differences than the midshaft.   
The results of the study showed that none of the hypotheses were fully supported 
and that the trabecular architecture characteristics that have been shown to be most 




significantly differ between the dorsal and plantar tracts in either species.  This suggests 
that trabecular architecture characteristics, when considered in isolation, do not relate to 
the nonuniform strain mode/magnitude distribution in predicted or obvious ways.  The 
authors indicate that differences seen between the species could be a result of differences 
in 1) body size, 2) activity levels, 3) sex ratio of samples, or 4) VOI size.    
The correlation analyses between adjacent cortical thickness and each measure for 
the deer showed that only one trabecular architectural characteristic moderately 
correlated at each of the shaft locations (DA at the midshaft and ConnD at the distal 
shaft).  In the sheep there were several significant moderate correlations (BV/TV, 
BS/BV, TbTh, TbSp, TbN, ConnD, and SMI).  The authors indicate that the data and 
observations suggest that the cortices of the artiodactyl calcaneus “…do not have an 
important role in influencing their trabecular architecture as might have been 
anticipated.”  They further suggest that additional analyses that consider the cortical bone 
distribution across and along the entire shaft are needed to examine these issues.  
 The works to date provide considerable evidence for the use of the artiodactyl 
calcaneus to examine trabecular architecture from cancellous bone under habitual 
compression and tension. Cancellous bone of the artiodactyl calcaneus has yet to be fully 
studied and characterized to examine the distribution and alterations of trabecular 
architecture across the length of the diaphysis and between dorsal and plantar regions 
with appropriate statistical analyses for repeated/multiple measures.  The present study 
will examine the variation in trabecular architecture within and across the length of the 
artiodactyl calcaneus and with regard to cortical bone thickness and distribution to 









To assess the study questions sheep and deer calcanei were analyzed.  For the 
sheep study specimens, one calcaneus was randomly selected from eleven skeletally 
mature domesticated sheep carcasses (Ovis aries) (N=6 left and 5 right), (n=4 male and 7 
female).  For the deer, one calcaneus was randomly selected from nine skeletally mature 
wild mule deer (Odocoileus hemionus hemionus) (N=5 left and 4 right), (n=4 male and 5 
female).  All study specimens were obtained from animals that did not display any signs 
of skeletal disease, lameness, or advanced age.  No animals were specifically sacrificed 
for this study and all specimens were collected as part of a multiyear/multicomponent 
study of artiodactyl calcanei lead by J. Skedros and colleagues.  Skeletal maturation was 
confirmed using medial to lateral radiographs and the presence of a completely fused 
distal epiphysis.  Based on the data presented by Lanyon (1973, 1974) and Skedros and 
colleagues (1994, 2004, 2007) the dorsal region of calcaneus was considered the 
compression region and the plantar region the tension region for the analysis.   
To allow for standardized comparison between calcanei of varying size, 
diaphyseal length was used following Skedros and colleagues (1994a).  The diaphyseal 
length was measured as the distance from the inflection of the midarticular surface, 100% 
of length to the point where the dorsal tubercle merges with the distal portion of the shaft, 
0% length (Skedros et al., 1994a:398).  The diaphyseal length of each bone was measured 




length locations were located and marked (Figure 6), and the distance of each from the  
0% location was recorded.  A longitudinal axis was also defined, following Skedros et al. 
(1994a), to allow for standardized orientation of the calcanei for analysis.  The 
longitudinal axis was defined by two points that were marked at one-half the dorsal-
plantar thickness of the cancellous bone, or the medullary cavity, at the 30% and 60% 
locations.   
The bones were then scanned in a General Electric Medical Systems EVS-RS9 
Micro-CT scanner at a 46-micron resolution (80 kVp, 450 µA and exposure time of 500 
ms) at the University of Utah Small Animal Imaging Facility.  The resulting voxel size 
for all scans was 0.0464 x 0.0464 mm.  Care was taken to scan the entire calcaneal 
diaphyseal length (0-100%), and when that was not possible due to larger sized calcanei, 
the scans minimally included the dorsal tubercle (0% location) to at least 60% of 
diaphyseal length to ensure each of the study locations was scanned.  Imaging data were 
exported as 16-bit files for 3D reconstructions.  Three-dimensional reconstructions of 
each bone were then produced from the high-resolution scan slices using software 
provided by GE Health Care for use with the EVS-RS9 scanner (eXplore Series MicroCT 
Software, GE Health Care).  The 3D reconstructions were then analyzed using the 
MicroView program (GE Health Care).  While the bones were scanned in a standardized 
orientation ensuring the dorsal-plantar, medial-lateral, and anterior-posterior axes were 
maintained, the orientation of each 3D reconstruction was checked using the linear 
measurement tool within MicroView and when necessary adjustments were made using 
the MicroView plane rotation mode to ensure proper anatomical cancellous orientation.  
The 20, 30, 40, and 50% locations were then located in the 3D reconstructions by 





Figure 6. Lateral photograph of sheep calcaneus with percent length locations marked 













with the linear measurement tool.   
The Advanced Bone Application (ABA) module of MicroView was used to 
obtain the architectural parameters from 3 mm cubic regions of interest (ROI) located 
within the cancellous bone of the dorsal (compression) and plantar (tension) regions at 
20, 30, 40, and 50% locations.  The size of the ROI was dictated by the smaller 
dimensions of the sheep and deer calcaneus, especially the medial-lateral width of the 
cancellous bone mass.  Care was taken to place each ROI as dorsal or plantar as possible, 
while making sure each ROI was entirely within the cancellous bone in all three 
dimensions and did not include any cortical bone or cancellous-cortical transition bone of 
lower porosity that could not be easily identified to bone type.  Prior to running each ROI 
through the ABA analyses, the auto threshold tool was used following MicroView 
standard operating protocols to compute the gray-level threshold for each ROI that best 
distinguished bone from nonbone within the ROI.   The analysis yielded two ROIs within 
each of the four locations (Figure 7).   
The ABA module of MicroView provides quantification of each of the study 
parameters following standard published methods.  For the analyses basic stereological 
measures of BV/TV and TbN, as well as direct, model free measures of TbTh and TbSp 
were obtained (Hildebrand and Ruegsegger, 1997a; Hildebrand and Ruegsegger, 1997b).  
Connectivity density (ConnD) was estimated by dividing the Euler number by the ROI 
volume and reporting the absolute value of the result (Hildebrand and Ruegsegger, 
1997b).  Degree of anisotropy was estimated using the mean intercept length (MIL) 
method (Whitehouse, 1974; Harrigan and Mann, 1984).  In the MIL method, fabric 





Figure 7. Representative lateral view of micro-CT image of a calcaneus with percent 














orientation matrix giving the main directions and the eigenvalues giving the degree of 
concentration around the main directions (Cowin, 1985; Cowin, 1986).  The degree of 
anisotropy (DA) is defined as the ratio of the primary eigenvalue divided by the tertiary 
eigenvalue (t1/t3) (Cowin, 1985; Odgaard, 2001).    
Using the line measurement tool within MicroView the dorsal and plantar cortical 
bone thicknesses were obtained from the middle of each percent diaphysis location and 
recorded in millimeters.  The cortical thickness ratio (CTR) was calculated as the dorsal 
cortical thickness/the plantar cortical thickness for each location.  
To obtain cortical bone cross-sectional geometry measures, the single micro-CT 
slice at the prerecorded distance for each percent diaphysis location was exported as an 8-
bit TIFF image.  The cancellous bone was removed using Adobe Photoshop CS6 (Adobe 
Systems Incorporated, 2012).  The cross-sectional geometric data was then obtained 
using image-J 1.47v (National Institutes of Health, 2012) and the macro MomentMacroJ 
v1.4 (http://www.hopkinsmedicine.org/fae/MMacro.htm, Sylvester, 2012).  The 
Imax/Imin ratios for each section were then calculated.   
 
Statistical Methods 
Statistical analyses specifically for repeated measures were required for the data 
in this study since multiple measurements were obtained from each study specimen.  
When multiple measurements are taken from the same subject/specimen, the correct 
statistical analysis is more complex than if only one measurement was taken from each 
subject/specimen.  This is because the variability of measurements from different 
subjects/specimens is usually much greater than the variability of measurements from the 




the assumption of independence inherent in many statistical analyses such as T-tests, 
correlation, and regression (Bland and Altman, 1994).  Analyses for repeated measures 
specifically account for the lack of independence among the measurements analyzed.   
To test for correlation between the trabecular architectural measurements and 
percent diaphysis location, region, CTR, and Imax/Imin, a “within-subjects” correlation 
coefficient was calculated.  This correlation coefficient accounts for the lack of 
independence among the repeated measurements by removing the variation between 
subjects (Bland and Altman, 1995).  A within-subjects correlation coefficient examines 
whether an increase in a variable is associated with an increase in another variable within 
the same individual (Bland and Altman, 1995).   
Multiple regression models for repeated measurements were used to test for 
differences in the architectural parameters between the dorsal and plantar regions 
(region), over the length of the diaphysis (location), with CTR, with Imax/Imin, and by 
species.  For these analyses, each architectural parameter was used as the outcome 
measure while region, location, CTR, Imax/Imin, and species were the predictor 
variables.  Each analysis was adjusted for potential confounders.  Potential confounders 
included other architectural parameters due to possible high intercorrelation of the 
measures.  Confounders were retained in the final model if they were significant at the 
0.05 level or if they altered the coefficient of the primary exposure (region) by at least 
10% (Greenland, 1989).  These statistical methods, while more complicated, provide the 
most accurate analysis of the variation and difference in the data.   
  The statistical package STATA 10.1 (StataCorp, College Station, TX) was used 











The mean and standard deviation of each trabecular architectural measure by 
region and diaphysis location are presented in Table 1.   
 
Question 1: Architectural Variation over Diaphyseal Length 
For the sheep data, correlation analyses show that all the trabecular architecture 
measures are moderately to strongly and statistically significantly correlated with the 
percent diaphysis location, except for ConnD in the dorsal region (Table 2).   
To assess if the trabecular architecture measures differ over the length of the 
sheep calcaneal diaphysis, multiple regression analyses for repeated measures were 
employed.  First the analyses examined all the sheep data together using location and 
region as predictor variables. The results examining the effect of percent diaphysis 
location (as predictor variable) on each measure, when controlling for region 
(dorsal/plantar) and confounding variables, are presented in Table 3.  Percent diaphysis 
location is shown to have a statistically significant effect on BV/TV, TbTh, TbN, ConnD 
and DA.  Bone volume fraction (BV/TV), TbN and ConnD are shown to significantly 
decrease as percent diaphysis location increased (moving from 20% to 50% diaphysis 
location).  Trabecular thickness (TbTh) and DA significantly increase with percent 




Table 1.  Summary statistics, mean (SD), for each trabecular architectural parameter  
from the sheep calcaneus.   
  20%  30%  40%  50%  
    
      
Dorsal  BV/TV 0.491 (0.046) 0.455 (0.044) 0.398 ( 0.035) 0.311 (0.063) 
 TbTh 0.227 (0.037) 0.192 (0.025) 0.165 (0.019) 0.183 (0.040) 
 TbSp 0.342 (0.057) 0.352 (0.065) 0.372 (0.053) 0.538 (0.138) 
 TbN 1.964 (0.197) 2.102 (0.175) 2.096 (0.158) 1.618 (0.366) 
 ConnD 4.41 (2.322) 6.00 (2.143) 6.517 (2.012) 3.552 (1.350) 
 DA 2.08 (0.303) 1.779 (0.249) 1.755 (0.219) 1.769 (0.205) 
      
Plantar BV/TV 0.437 (0.028) 0.432 (0.056) 0.396 (0.048) 0.386 (0.044) 
 TbTh 0.194 (0.017) 0.195 (0.032) 0.221 (0.039) 0.226 (0.045) 
 TbSp 0.375 (0.048) 0.381 (0.063) 0.479 (0.091) 0.533 (0.113) 
 TbN 2.045 (0.167) 1.997 (0.191) 1.737 (0.166) 1.654 (0.187) 
 ConnD 6.872 (2.064) 5.617 (2.387) 3.794 (1.187) 3.104 (1.206) 
 DA 1.479 (0.190) 1.802 (0.343) 1.924 (0.199) 1.930 (0.291) 
BV/TV: bone volume fraction; TbTh: trabecular thickness (mm); TbSp: trabecular separation (mm);  






Table 2. Correlation coefficients (R) of trabecular architectural measures with percent 
diaphysis location by region for the sheep calcaneus. 
 Dorsal Plantar 
R p value R p value 
BV/TV -0.86 <0.001 -0.70 <0.001 
TbTh -0.62 <0.001 0.55 <0.001 
TbSp 0.66 <0.001 0.78 <0.001 
TbN -0.48 0.004 -0.87 <0.001 
ConnD -0.15 0.394 -0.86 <0.001 





Table 3.  Effect of location on each architectural parameter controlling for region and 
confounding variables for the sheep calcaneus.  Coefficient represents the amount of 
change in outcome variable (architectural parameter) for a unit of change in the predictor 
variable (location). 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.022 (-0.031 to -0.013) <0.001  Region, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.004 (0.002 to 0.007) 0.002  Region, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.009 ( -0.003 to 0.020) 0.135  Region, BV/TV, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.022 (-0.011 to- 0.034) <0.001  
Region, BV/TV, TbTh, TbSp, ConnD, 
DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.378 (-0.57 to -0.18) <0.001  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







measure for the sheep calcaneus that did not significantly change with percent diaphysis 
location 
The results of the analyses for the separate dorsal and plantar data examining the 
effect of location (as predictor variable) while controlling for confounding variables are 
presented in Tables 4 and 5.  In the dorsal region, BV/TV was the only architectural 
measure to significantly change over the length of the diaphysis.  It was shown to 
decrease with percent location (from 20% to 50%) (Table 4).  In the plantar region 
BV/TV, TbN, and ConnD were all shown to significantly decrease and TbTh and DA 
were shown to significantly increase with percent location (Table 5).  These analyses 
indicate that trabecular architectural measures in the plantar region change more 
significantly over the length of the diaphysis than do the measures in the dorsal region.   
 
Question 2: Architectural Variation by Region 
All architectural measures were shown to be weakly and not significantly 
correlated with region, except for TbTh which was weakly, but significantly, correlated 
with region (Table 6).    
To assess if the trabecular architectural measures significantly differ by region 
(dorsal vs. plantar) multiple regression analyses were conducted with region as the 
predictor variable and controlling for location and confounding variables.  Table 7 
presents the results of the analyses.  None of the trabecular architectural measures were 
found to significantly differ between the dorsal and plantar regions.   
The sheep data were next examined by each percent location (20%, 30%, 40%, 
50%) with region (dorsal/plantar) as the predictor variable.  In the 20% location only DA 




Table 4.  Effect of location on each architectural measure in the dorsal region for the 
sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.033 (-0.044 to -0.022) < 0.001  TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.003 (-0.008 to 0.001) 0.153  BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.003 (-0.019 to 0.025) 0.805  BV/TV, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.009 (-0.043 to 0.026) 0.620  BV/TV, TbTh, TbSp 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.303 (-0.781 to 0.175) 0.215  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 5.  Effect of location on each architectural measure in the plantar region for the 
sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.011 (-0.019 to -0.003) 0.006  TbTh, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.007 (0.003 to 0.011) 0.001  BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location      0.005 (-0.011 to 0.020) 0.577  BV/TV, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.025 (-0.051 to 0.002) 0.020  BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.299 (-0.536 to -0.063) 0.013  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 6 Correlation Coefficients (R) of trabecular architectural measures with region  
for the sheep calcaneus. 
  
R p value 
BV/TV -0.01 0.925 
TbTh 0.30 0.007 
TbSp 0.21 0.064 
TbN -0.19 0.095 
ConnD -0.08 0.483 




Table 7.  Effect of region on each architectural parameter controlling for location and 
confounding variables for the sheep calcaneus.  
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.001 (-0.007 to 0.006) 0.869  Location, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.002 (-0.002 to 0.006) 0.269  Location, TbSp, BV/TV, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.013 (-0.006 to 0.032) 0.168  Location, TbTh, BV/TV, TbN, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.005 (-0.030 to 0.04) 0.766  Location, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.193 (-.248 to 0.634) 0.392  Location, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






 be greater in the dorsal region (Table 8).  None of the trabecular architecture measures 
were shown to be significantly different between the dorsal and plantar regions at the 
30% diaphysis location (Table 9).  In the 40% diaphysis location, only TbSp was 
significantly different between dorsal and plantar, it was higher in the plantar region 
(Table 10).  None of the trabecular architectural measures were found to significantly 
differ between the dorsal and plantar regions at the 50% location (Table 11).  The results 
of the separate region and location data analyses again indicate that the trabecular 
architectural measures of the sheep calcaneus differ more significantly across the length 
of the diaphysis than they do between the dorsal and plantar regions.   
The results of this primary analysis indicate that there is more significant change 
in trabecular architectural measures over the length of the sheep calcaneus diaphysis than 
between the dorsal and plantar regions.  To further examine the variation of trabecular 
architecture of the sheep calcaneus the data from the dorsal and plantar regions and each 
percent location were then examined separately.   
 
Question 3: Architectural Variation with Cortical Thickness Ratio 
Across the length of the diaphysis, the cortical bone thickness changes in both the 
dorsal and plantar regions.  Since the role of cortical bone in carrying and absorbing loads 
is much greater than that of trabecular bone, the effect of the cortical bone thickness on 
the architectural measures was examined via a cortical thickness ratio (CTR), dorsal 
thickness/plantar thickness.  The CTR mean and standard deviation for each percent 
diaphysis location is presented in Table 12.  Cortical thickness ratio increases with 
percent diaphysis location (also see Figure 8).  A within-subjects variation correlation 




Table 8.  Effect of region on each architectural measure in the 20% diaphysis location  
for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.013 (-0.031 to 0.004) 0.136  TbTh, TbSp, TbN, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.003 (-0.018  to 0.012) 0.714  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.004 (-0.010 to 0.019) 0.556  BV/TV, TbTh, TbN 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.031 (-0.020  to 0.081) 0.232  BV/TV, TbTh, TbSp 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.046 (-0.950  to 1.042) 0.927  BV/TV, TbTh, TbSp, TbN 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 9.  Effect of region on each architectural measure in the 30% diaphysis location  
for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.003 (-0.010 to 0.004) 0.436  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.001 (-0.005 to 0.006) 0.976  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.007 (-0.019 to 0.032) 0.613  BV/TV, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.027 (-0.078 to -0.024) 0.301  BV/TV, TbTh, TbSp 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.095 (-0.731 to 0.541) 0.770  BV/TV, TbSp, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 









Table 10.  Effect of region on each architectural measure in the 40% diaphysis location 
for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.001 (-0.018 to 0.020) 0.917  TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region <0.001 (-0.014 to 0.014) 0.992  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.094 (0.048 to 0.139) <0.001  BV/TV, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.035 (-0.077 to -0.007) 0.098  BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.508 (-1.590 to 0.578) 0.359  BV/TV, TbSp, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 








Table 11.  Effect of region on each architectural measure in the 50% diaphysis location 
for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.004 (-0.102 to 0.018) 0.599  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.006 (-0.004 to 0.015) 0.236  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.020 (-0.094 to 0.055) 0.608  BV/TV, TbTh, TbN 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.011 (-0.040 to -0.062) 0.668  BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.391 (-1.140 to 0.358) 0.307  BV/TV, TbTh, TbSp 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 12.  Mean and standard deviation (SD) of the cortical thickness ratio (CTR) at  
each percent diaphysis location for the sheep calcaneus. 
Location Mean SD 
20% 0.61 0.15 
30% 1.01 0.19 
40% 1.70 0.43 
























             A           B                 C         D 
 
Figure 8.  Micro-CT images of cross sections of a sheep calcaneus for each of the percent diaphyseal length location.  A) The 20% 
diaphyseal length location; B) 30% diaphyseal length location; C) 40% diaphyseal length location; D) 50% diaphyseal length location. 






with percent diaphysis location (R = 0.87, p = < 0.001).   
Correlation analyses for within-subjects variation with repeated measures show 
that all the trabecular architecture measures are moderately to strongly and statistically 
significantly correlated with CTR, except for TbN and ConnD in the dorsal region (Table 
13).    
Each trabecular architectural measure was examined with CTR as the predictor 
variable and controlling for region and confounding variables (Table 14).  Four of the six 
measures (BV/TV, TbTh, TbN, and ConnD) were found to significantly change with 
CTR.  Bone volume fraction (BV/TV), TbN and ConnD were shown to decrease with 
increasing CTR, while TbTh increased with increasing CTR.  A fifth measure, DA, was 
shown to be trending toward significantly increasing with CTR, with a p=0.055.  
However, when the analyses were executed with region as the predictor variable and 
CTR was controlled for along with confounding variables, DA was the only measure 
found to significantly differ between regions (Table 15).  When the dorsal and plantar 
data were examined separately with CTR as the predictor variable BV/TV and ConnD 
were shown to significantly decrease with increasing CTR in the dorsal region (Table 
16).   In the plantar region BV/TV, TbN and ConnD significantly decreased and TbTh 
and DA significantly increased with increasing CTR (Table 17).  Not surprisingly, since 
CTR is highly correlated with percent location, the results of the analyses with CTR are 
similar to those with percent diaphysis location.  Again the analyses indicate that the 
most significant changes in trabecular architecture do not occur between the dorsal and 
plantar regions but across the length of the diaphyses highlighting the important 





Table 13. Correlation coefficients (R) of trabecular architectural measures with CTR  
by region for the sheep calcaneus.  
 Dorsal Plantar 
R p value R p value 
BV/TV -0.71 <0.001 -0.63 <0.001 
TbTh -0.69 <0.001 0.45 0.007 
TbSp 0.41 0.014 0.68 <0.001 
TbN -0.24 0.169 -0.77 <0.001 
ConnD 0.03 0.851 -0.80 <0.001 














Table 14.  Effect of CTR on each architectural parameter controlling for region and 
confounding variables for the sheep calcaneus.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.019 (-0.026 to -0.013) <0.001  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.010 (0.005 to 0.015) <0.001  Region, BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.001 (-0.022to 0.024) 0.927  
Region, BV/TV, TbTh, TbN, ConnD, 
DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.046 (-0.025 to -0.066) <0.001  Region, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.791 (-1.138 to -0.445) <0.001  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 15. Effect of region on each architectural parameter controlling for CTR and 
confounding variables for the sheep calcaneus.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region <0.001 (-0.006 to 0.006) 0.992  CTR, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.002 (-0.003 to 0.007) 0.365  CTR, TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.012 (-0.007 to 0.031) 0.205  CTR, BV/TV, TbTh, TbN, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.002 (-0.017 to 0.021) 0.832  CTR, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.202 (-0.236 to 0.642) 0.3365  CTR, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 16.  Effect of CTR on each architectural measure in the dorsal region for the sheep 
calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR  -0.059 (-0.079 to -0.040) <0.001  TbTh, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.003 (-0.012 to 0.006) 0.580  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.029 (-0.036 to 0.094) 0.379  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.006 (-0.054 to 0.065) 0.858  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.985 (-1.705 to -0.264) 0.007  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 17.  Effect of CTR on each architectural measure in the plantar region for the  
sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR  -0.017 (-0.033to -0.002) 0.030  TbTh, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.009 (0.001 to 0.018) 0.026  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.004 (-0.027 to 0.035) 0.808  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.052 (-0.098 to -0.005) 0.029  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.448 (-0.899 to 0.002) 0.050  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Question 4: Architectural Variation with Imax/Imin 
Cross-sectional geometric properties were obtained and the Imax/Imin ratio was 
calculated for each percent diaphysis location.  Mean and standard deviations for each 
percent diaphysis location of the sheep calcaneus are presented in Table 18.  The 
Imax/Imin measure increases between the 20% and 50% locations indicating a greater 
departure from circularity and a more strongly defined direction of greatest bending 
rigidity.  A within-subjects correlation for repeated measures indicates that Imax/Imin is 
strongly and significantly correlated with percent diaphysis location (R = 0.90, p = 
<0.001).  Correlation analyses of each trabecular architectural measure with Imax/Imin 
(Table 19) reveal moderate to strong and statistically significant correlation between the 
measure and Iman/Imin in both the dorsal and plantar regions.  The only architectural 
measure not significantly correlated with Imax/Imin is connectivity density (ConnD) in 
the dorsal region.   
 Each trabecular architectural measure was examined with Imax/Imin as the 
predictor variable and controlling for other confounding variables (Table 20).  Four of the 
six measures were found to significantly change with Imax/Imin (BVTV, TbTh, TbN, 
and ConnD).  BV/TV, TbN and ConnD were found to significantly decrease while TbTh 
increased with increasing Imax/Imin.  When region was the predictor variable controlling 
for Imax/Imin and confounders (Table 21) none of the trabecular architectural measures 
varied significantly between regions.  The analysis of the dorsal region data with 
Imax/Imin as the predictor and controlling for confounders showed BV/TV and ConnD 
were the only measures to significantly change with Imax/Imin (Table 22).  Both 
measures decreased with increasing Imax/Imin.  In the plantar region, TbTh, ConnD and 




Table 18.  Mean and standard deviation (SD) of the Imax/Imin at each percent diaphysis 
location for the sheep calcaneus. 
Location Mean SD 
20% 1.23 0.16 
30% 1.51 0.27 
40% 1.87 0.30 









Table 19.  Correlation coefficient (R) of trabecular architectural measures with Imax/Imin 
by region for the sheep calcaneus. 
 Dorsal Plantar 
R p value R p value 
BV/TV -0.73 <0.001 -0.64 <0.001 
TbTh -0.54 0.001 0.42 0.011 
TbSp 0.53 0.001 0.65 <0.001 
TbN -0.42 0.011 -0.74 <0.001 
ConnD -0.28 0.110 -0.80 <0.001 




Table 20.  Effect of Imax/Imin on each architectural parameter controlling for region  
and confounding variables for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax   -0.019 (-0.027 to 0.011) <0.001  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax 0.009 (0.002 to 0.015) 0.006  Region, BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  <0.001 (-0.025 to 0.025) 0.996  
Region, BV/TV, TbTh, TbN, ConnD, 
DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax   -0.042 (0.019 to 0.065) <0.001  Region, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.857 (-1.220 to -0.450) <0.001  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.083(-0.216 to 0.051) 0.224  







Table 21.  Effect of region on each architectural parameter controlling for Imax/Imin  
and confounding variables for the sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region    <0.001 (-0.006 to 0.007) 0.873  Imin/Imax, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region    0.002 (-0.003 to 0.006)    0.431 
 
Imin/Imax, TbSp, BV/TV, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region      0.012 (-0.006 to 0.031) 0.208  Imin/Imax, BV/TV, TbTh, TbN, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.001 (-0.018 to 0.020) 0.910  Imin/Imax, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.116 (-0.200 to 0.433) 0.471  Imin/Imax, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 22.  Effect of Imax/Imin on each architectural measure in the dorsal region for the 
sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  -0.062 (-0.086 to -0.038) <0.001  TbTh, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.007 (-0.016 to 0.002) 0.135  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax      0.011 (-0.060 to 0.080) 0.768  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.016 (-0.074 to 0.042) 0.597  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.944 (-1.641 to -0.247) 0.008  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 23.  Effect of Imax/Imin on each architectural measure in the plantar region for the 
sheep calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  -0.016 (-0.034 to -0.001) 0.058  TbTh, TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax   0.011 (0.021 to 0.019) 0.015  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax     0.007 (-0.026 to 0.040) 0.694  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.040 (-0.094 to -0.015) 0.153  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.705 (-1.138 to -0.272) 0.001  BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 











The mean and standard deviation of each trabecular architectural measure by 
region and diaphysis location are presented in Table 24.  The statistical analyses of the 
deer data mirrored those of the sheep, but provided some interestingly different results.   
 
Question 1: Architectural Variation over Diaphyseal Length 
Correlation analyses for within-subjects variation with repeated measures show 
that all the trabecular architecture measures are moderately to strongly and statistically 
significantly correlated with the percent diaphysis location in both the dorsal and plantar 
regions (Table 25).   
To assess if the trabecular architecture measures differ over the length of the deer 
calcaneus diaphysis, multiple regression analyses for repeated measures were again 
employed.  First the analyses examined all the deer data together using diaphysis location 
and region as predictor variables. The results examining the effect of percent diaphysis 
location (as the predictor variable) on each measure when controlling for region and 
confounding variables are presented in Table 26.   Five of the six measures were shown 
to significantly change with diaphysis location.  Bone volume fraction (BV/TV) and 
ConnD were shown to significantly decrease with increasing percent diaphysis location, 
while TbTh, TbSp, and DA significantly increased with percent diaphysis location. 
Trabecular number (TbN) was the only measure that did not significantly change with 
percent diaphysis location.   




Table 24.  Summary statistics, mean (SD), for each trabecular architectural parameter 
from the deer calcaneus.   
  20%  30%  40%  50% 
    
      
Dorsal BV/TV 0.550 (0.035) 0.486 (0.045) 0.416 (0.049) 0.279 (0.080) 
 TbTh 0.170 (0.017) 0.166 (0.012) 0.195 (0.033) 0.193 (0.027) 
 TbSp 0.203 (0.037) 0.271 (0.055) 0.396 (0.089) 0.743 (0.381) 
 TbN 2.511 (0.192) 2.317 (0.175) 1.931 (0.205) 1.477 (0.429) 
 ConnD 6.485 (2.450) 5.719 (1.952) 4.097 (1.927) 3.192 (1.869) 
 DA 2.595 (0.213) 2.555 (0.159) 2.326 (0.262) 2.206 (0.175) 
      
Plantar BV/TV 0.517 (0.047) 0.497 (0.026) 0.477 (0.038) 0.451 (0.057) 
 TbTh 0.148 (0.025) 0.177 (0.026) 0.234 (0.032) 0.253 (0.033) 
 TbSp 0.201 (0.044) 0.254 (0.028) 0.373 (0.057) 0.485 (0.077) 
 TbN 2.706 (0.270) 2.305 (0.170) 1.893 (0.159) 1.677 (0.130) 
 ConnD 11.061 (3.488) 6.206 (2.465) 3.585 (1.633) 2.350 (0.949) 
 DA 2.04 (0.292) 2.216 (0.293) 2.313 (0.161) 2.389 (0.114) 
BV/TV: bone volume fraction; TbTh: trabecular thickness (mm); TbSp: trabecular separation (mm);  






Table 25.  Correlation coefficients (R) of trabecular architectural measures with percent 
diaphysis location by region for the deer calcaneus.  
 Dorsal Plantar 
R p value R p value 
BV/TV -0.94 <0.001 -0.66 <0.001 
TbTh 0.49 0.007 0.90 <0.001 
TbSp 0.77 <0.001 0.94 <0.001 
TbN -0.92 <0.001 -0.96 <0.001 
ConnD -0.81 <0.001 -0.86 <0.001 






Table 26.  Effect of location on each architectural parameter controlling for region and 
confounding variables for the deer calcaneus.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.016 (-0.03 to -0.01) <0.001  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.007 (0.001 to 0.012) 0.015  Region, TbSp, BV/TV, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.120 ( 0.078 to 0.163) <0.001  Region, TbTh, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.017 (-0.043 to 0.01) 0.189  Region, TbTh, TbSp, BV/TV, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -1.753 (-2.74 to -0.77) <0.001  Region, TbTh, TbSp, BV/TV 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






location were next examined separately.  The results of the analyses for dorsal and 
plantar data individually and examining the effect of location (as predictor variable) 
while controlling for confounding variables are presented in Tables 27 and 28.  In the 
dorsal region BV/TV and ConnD were shown to significantly decrease and TbSp to 
significantly increase with percent diaphysis location.  In the plantar region ConnD 
significantly decreased while TbTh, TbSp, and DA significantly increased with present 
diaphysis location.   
 
Question 2: Architectural Variation by Region 
Correlation analyses show that there are only weak correlations between the 
measures and region, with BV/TV, TbTh, and DA having significant weak correlations 
with region (Table 29).  
The results of the analyses conducted with region as the predictor variable and 
controlling for location and confounding variables are presented in Table 30.  Only DA 
was found to significantly differ between regions, decreasing between the dorsal and 
plantar region.  Trabecular separation (TbSp) can be considered trending toward 
significantly differing between dorsal and plantar regions, with a p=0.055.     
The deer data were next examined by each percent location (20%, 30%, 40%, 
50%) with region (dorsal/plantar) as the predictor variable.  In the 20% location, ConnD 
was significantly lower and DA was shown to be significantly higher in the dorsal region 
compared to the plantar region (Table 31).  Trabecular separation (TbSp) and DA were 
shown to significantly higher in the dorsal region at the 30% diaphysis length location 
(Table 32).  None of the architectural measures were significantly different between 




Table 27.  Effect of location on each architectural measure in the dorsal region for the 
deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location   -0.018 (-0.033 to -0.004) 0.014  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location    0.010 (-0.004 to 0.024) 0.151  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location      0.089 (0.008 to 0.169) 0.030  TbTh, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.028 (-0.681 to 0.013) 0.178  BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -1.549 (-2.89 to -0.211) 0.023  BV/TV, TbTh, TbSp 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 28.  Effect of location on each architectural measure in the plantar region for the 
deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.006 (-0.022 to 0.009)  0.419  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location 0.021 (0.006 to 0.036) 0.006  BV/TV, TbSp, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location      0.114 (0.080 to 0.148) <0.001  TbTh, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -0.024 (-0.069 to 0.021) 0.294  BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Location -1.656 (-3.148 to -0.163) 0.030  BV/TV, TbTh 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 29.  Correlation Coefficients (R) of trabecular architectural measures with region 
for the deer calcaneus. 
  
R p value 
BV/TV 0.31 0.012 
TbTh 0.28 0.025 
TbSp -0.18 0.149 
TbN 0.11 0.369 
ConnD 0.16 0.220 




 Table 30.  Effect of region on each architectural parameter controlling for location and 
confounding variables for the deer calcaneus.  
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.006 (-0.005 to 0.016) 0.274  Location, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.002 (-0.005 to 0.009) 0.566  Location, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.036 (-0.001 to 0.073) 0.055  Location, TbTh, BV/TV, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.014 (-0.014 to 0.043) 0.328  Location, TbTh, TbSp, BV/TV, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.090 (-0.792 to 0.972) 0.841  Location, TbTh, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 31.  Effect of region on each architectural measure in the 20% diaphysis location 
for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.007 (-0.029 to 0.014) 0.502  TbTh, TbSp, TbN, ConnD,  DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region < -0.001 (-0.013 to 0.013) 0.982  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region      -0.007 (-0.022 to 0.007) 0.308  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.056 (-0.027 to 0.139) 0.184  TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 2.770 (0.509 to 5.033) 0.016  TbTh, TbN 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 32.  Effect of region on each architectural measure in the 30% diaphysis location 
for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region    0.002 (-0.017 to 0.021) 0.853  TbSp, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.001 (-0.005 to 0.006) 0.730  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.016 (-0.029 to -0.003) 0.017  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.015 (-0.049 to 0.017) 0.360  BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 1.680  (-0.166 to 3.53) 0.074  TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 33.  Effect of region on each architectural measure in the 40% diaphysis location 
for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.016 (-0.004 to 0.035) 0.119  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.003 (-0.010 to 0.016) 0.619  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region   < -0.001 (-0.018 to 0.017) 0.983  TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.010 (-0.072 to 0.053) 0.766  BV/TV, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.249 (-1.46 to 0.96) 0.685  TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






architecture measures except for ConnD were significantly different between the dorsal 
and plantar regions (Table 34).  Bone volume fraction (BV/TV), TbTh, TbN and DA 
were all significantly lower while TbSp was significantly higher in the dorsal region 
compared to the plantar region. 
The results of the primary analysis of the deer data indicate that, similar to the 
sheep, the most significant changes in trabecular architectural measures were found 
across the length of the diaphysis and not between the dorsal and plantar regions. 
However, unlike in the sheep, the deer did have a significant difference in DA and a trend 
toward significant difference in TbSp between dorsal and plantar regions and several 
more significant differences between dorsal and plantar regions in the individual percent 
locations.   
 
Question 3: Architectural Variation with Cortical Thickness Ratio 
The CTR mean and standard deviation for each percent diaphysis location is 
presented in Table 35.  Cortical thickness ratio (CTR) increases greatly with percent 
diaphysis location in the deer calcaneus (also see Figure 9).  A within-subjects variation 
correlation analysis for repeated measures indicates that CTR is significantly and strongly 
correlated with percent diaphysis location (R = 0.90, p = < 0.001).  Correlation analyses 
for within-subjects variation with repeated measures show that all the trabecular 
architecture measures are moderately to strongly and statistically significantly correlated 
with CTR, except for TbTh in the dorsal region (Table 36).    
Each trabecular architectural measure was examined with CTR as the predictor 
variable and controlling for region and confounding variables (Table 37).  Four (TbSp,  




Table 34.  Effect of region on each architectural measure in the 50% diaphysis location 
for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region   0.057 (0.018 to 0.095) 0.004  TbTh, TbSp, TbN 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.028 (0.009 to 0.047) 0.003  TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region      -0.288 (-0.494 to -0.082) 0.006  TbTh, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.183 (0.094 to 0.271) <0.001  TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -1.184 (-2.88 to 0.514) 0.172  TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 35.  Mean and standard deviation (SD) of the cortical thickness ratio (CTR) at each 
percent diaphysis location for the deer calcaneus. 
Location Mean SD 
20% 0.76 0.08 
30% 2.45 0.23 
40% 2.79 0.46 






















              A           B     C          D 
 
Figure 9.  Micro-CT images of cross sections of a deer calcaneus for each of the percent diaphyseal length location.  A) The 20% 
diaphyseal length location; B) 30% diaphyseal length location; C) 40% diaphyseal length location; D) 50% diaphyseal length location. 







Table 36. Correlation coefficients (R) of trabecular architectural measures with CTR by 
region for the deer calcaneus.  
 Dorsal Plantar 
R p value R p value 
BV/TV -0.79 <0.001 -0.48 0.009 
TbTh 0.31 0.106 0.88 <0.001 
TbSp 0.60 <0.001 0.80 <0.001 
TbN -0.76 <0.001 -0.92 <0.001 
ConnD -0.73 <0.001 -0.89 <0.001 






Table 37.  Effect of CTR on each architectural parameter controlling for region and 
confounding variables for the deer calcaneus.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.005 (-0.014 to 0.003) 0.243  Region, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR <0.001 (-0.005 to 0.005) 0.964  
Region, BV/TV, TbSp, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.068(0.013to 0.124) 0.015  
Region, BV/TV, TbTh, TbN, ConnD, 
DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.023 (-0.044 to -0.003) 0.026  
Region, BV/TV, TbTh, TbSp, ConnD, 
DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -1.557 (-2.256 to -0.858) 0.001  Region, Bv/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Trabecular number (TbN) and ConnD were shown to decrease with increasing CTR, 
while TbSp and DA increase with CTR.  When the analyses were executed with region as 
the predictor variable and CTR was controlled for along with confounding variables, DA 
was the only measure found to significantly differ between regions (Table 38).  The 
dorsal and plantar data were also examined separately with CTR as the predictor variable.  
In the dorsal region, BV/TV, TbN, and ConnD were shown to significantly decrease and 
TbSp to increase with increasing CTR (Table 39).  In the plantar region, TbN and ConnD 
significantly decrease while TbTh, TbSp, and DA significantly increase with increasing 
CTR (Table 40). 
 
Question 4: Architectural Variation with Imax/Imin 
The mean values for Imax/Imin by percent location for the deer calcaneus are 
presented in Table 41.  The deer Imax/Imin values are much greater than 1 for all 
diaphyseal locations and greatly increase between the 20% and 50% diaphysis locations 
from a mean of 2.38 at 20% to 5.44 at 50%.  Thus the deer calcaneus has a much more 
strongly defined direction of greatest bending rigidity compared to the sheep calcaneus.  
The correlation analysis with Imax/Imin and percent diaphysis location indicates a very 
strong and statistically significant correlation between the two (R = 0.97, p = <0.001).  
Correlation analyses between each architectural measure and Imax/Imin by region 
indicate significant moderate to high correlations between all measures and Imax/Imin 
(Table 42). 
The analyses of each architectural measure with Imax/Imin as the predictor 
variable while controlling for region and other confounders showed only two of the six 




Table 38.  Effect of region on each architectural parameter controlling for CTR and 
confounding variables for the deer calcaneus.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.004 (-0.007 to 0.015) 0.463  CTR, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.005 (-0.001 to 0.013) 0.090  CTR, BV/TV, TbSp, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region    0.028 (-0.008 to 0.063) 0.125  CTR, BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.015(-0.012 to 0.043) 0.275  CTR, BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.036 (-0.53 to 0.604) 0.901  CTR, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 39.  Effect of CTR on each architectural measure in the dorsal region for the deer 
calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR  -0.042 (-0.057 to -0.026) <0.001  TbTh, TbSp, TbN 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.005 (-0.008 to 0.018) 0.456  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR    0.133 (0.055 to 0.217) 0.001  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.059 (-0.010 to -0.018) 0.005  BV/TV, TbTh, TbSp, ConnD  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.752 (-1.431 to -0.074) 0.030  BV/TV, TbTh, TbSp 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 40.  Effect of CTR on each architectural measure in the plantar region for the deer 
calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR  -0.006 (-0.020 to 0.007) 0.366  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR 0.020 (0.008 to 0.033) 0.002  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR    0.045 (0.002 to 0.089) 0.042  BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -0.072 (-0.130 to -0.013) 0.017  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
CTR -1.893 (-3.285 to -0.502) 0.008  BV/TV, TbTh, TbSp 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 41.  Mean and standard deviation (SD) of Imax/Imin at each percent diaphysis 
location for the deer calcaneus. 
Location Mean SD 
20% 2.38 0.42 
30% 3.09 0.68 
40% 4.39 0.81 












Table 42.  Correlation coefficient (R) of trabecular architectural measures with Imax/Imin 












 Dorsal Plantar 
R p value R p value 
BV/TV -0.94 <0.001 -0.64 <0.001 
TbTh 0.47 0.011 0.88 <0.001 
TbSp 0.78 <0.001 0.93 <0.001 
TbN -0.91 <0.001 -0.92 <0.001 
ConnD -0.79 <0.001 -0.79 <0.001 




increases with increasing Imax/Imin (Table 43).  When region was used as the predictor 
variable while controlling for Imax/Imin and confounders only DA was found to 
significantly change with Imax/Imin (Table 44).  Dorsal and plantar sections were 
assessed separately with Imax/Imin as the predictor variable (Tables 45 and 46).  BV/TV, 
TbTh, and TbSp were found to significantly vary with Imax/Imin in the dorsal region.  In 
the plantar region, only TbSp was shown to significantly vary with Imax/Imin.   
The deer data, similar to the sheep data, indicate that trabecular architecture 
differs more significantly across the length of the diaphysis and with increasing 
Imax/Imin than between the dorsal and plantar regions within the bone. 
 
Both Species 
Question 5: Trabecular Architecture by Species 
Analyses with species as the predictor variable while controlling for percent 
diaphysis location and confounding variables indicated that TbSp and DA were the only 
measures to significantly differ by species (Table 47).  TbSp was shown to be higher in 
the sheep and DA higher in the deer.  Similarly, when species is used as predictor 
variable while controlling for region and cofounding variables, only TbSp and DA were 
found to significantly differ between the sheep and deer; again with TbSp found to be 
higher in the sheep than in the deer and DA to be higher in the deer than in the sheep 
(Table 48).   
The dorsal and plantar data were also examined separately with species as the 
predictor variable.  In the dorsal region TbSp, TbN, and DA were all shown to be 
significantly higher in the deer than in the sheep (Table 49).  In the plantar region BV/TV 




Table 43.  Effect of Imax/Imin on each architectural parameter controlling for region and 
confounding variables for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.003 (-0.008 to 0.003) 0.416  Region, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  <0.001 (-0.003 to 0.004) 0.653  
Region, BV/TV, TbSp, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax 0.030 (-0.052to -0.008) 0.008  
Region, BV/TV, TbTh, TbN, ConnD, 
DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  -0.012 (-0.026 to 0.002) 0.100  
Region, BV/TV, TbTh, TbSp, ConnD, 
DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.307 (-0.951 to 0.337) 0.350  Region, Bv/TV, TbTh, TbSp, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax 0.122 (0.038 to 0.205) 0.004  







Table 44.  Effect of region on each architectural parameter controlling for Imax/Imin and 
confounding variables for the deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.003 (-0.008 to 0.015) 0.562  Imin/Imax, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.006 (-0.001 to 0.012) 0.092  Imin/Imax, BV/TV, TbSp, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region    0.016 (-0.022 to 0.054) 0.414  Imin/Imax, BV/TV, TbTh, TbN, ConnD, DA 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.011(-0.017 to 0.038) 0.446  Imin/Imax, BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region 0.060 (-0.494 to 0.614) 0.831  Imin/Imax, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 
Region -0.199 (-0.304 to -0.094) <0.001  





Table 45.  Effect of Imax/Imin on each architectural measure in the dorsal region for the 
deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax  -0.037 (-0.048 to -0.026) <0.001  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax 0.0123 (0.037 to 0.0210) 0.005  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax     0.059 (-0.086 to- 0.032) <0.001  BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.044 (-0.096 to -0.008) 0.095  BV/TV, TbTh, TbSp 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.334 (-1.212 to 0.543) 0.455  BV/TV, TbTh, TbSp 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 46.  Effect of Imax/Imin on each architectural measure in the plantar region for the 
deer calcaneus. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax    0.002 (-0.007 to 0.011) 0.667  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax   0.010 (-0.006 to 0.021) 0.065  BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax      0.014 (<0.000 to 0.028)  0.050  BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.010 (-0.053 to 0.032) 0.632  BV/TV, TbTh, TbSp  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Imin/Imax -0.181 (-0.705 to 0.343) 0.499  BV/TV, TbTh, TbSp, TbN 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 47.  Effect of species on each architectural parameter controlling for location and 
confounding variables.  The coefficient represents the amount of change (difference) in 
the outcome variable (architectural parameter) for a unit increase in the predictor variable 
(species, were sheep=0 and deer=1).   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.005 (-0.002 to 0.014) 0.170  Location, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.001 (-0.007 to 0.006) 0.877  
Location, TbSp, BV/TV, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.048 (-0.091 to -0.006) 0.025  Location, TbTh, BV/TV, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.005 (-0.020 to 0.030) 0.681  
Location, BV/TV, TbTh, TbSp, ConnD, 
DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.364 (-0.060 to 0.788) 0.092  
Location, BV/TV, TbTh, TbSp, TbN, 
DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 48.  Effect of species on each architectural parameter controlling for region and 
confounding variables.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species <0.001 (-0.008 to 0.008) 0.994  Region,  TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.001 (-0.005 to 0.008) 0.687  
Region, TbSp, BV/TV, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   -0.044 (-0.087 to -0.001) 0.043  Region, TbTh, BV/TV, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.011(-0.014 to 0.035) 0.387  
Region, BV/TV, TbTh, TbSp, ConnD, 
DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.200 (-0.221 to 0.622) 0.351  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 49.  Effect of species on each architectural measure in the dorsal region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.012 (-0.002 to 0.0267) 0.097  Location, TbTh, TbSp, TbN 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.003 (-0.012 to 0.001) 0.441  Location, BV/TV, TbSp, TbN 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species     0.060 (0.026 to 0.094) <0.001  Location, BV/TV, TbTh, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.029 (0.003 to 0.055) 0.030  Location, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.090 (-0.830 to 0.650) 0.812  Location, BV/TV, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






the deer compared to the sheep (Table 50). 
Each measure was also examined at each percent location (20%, 30%, 40%, 50%) 
with species as the predictor variable and controlling for region and confounding 
variables.  In the 20% location, statistically significant differences were found between 
the species in TbTh, TbSp, and DA, with TbTh and TbSp being significantly higher in 
the sheep and DA significantly higher in the deer (Table 51).  In the 30% location, TbN 
and DA were both found to be significantly higher in the deer (Table 52).  At the 40% 
and 50% locations, only DA was shown to be significantly different, with it being higher 
in the deer at both locations (Tables 53 and 54).   
 The effect of species was also examined using CTR.  As Tables 12 and 35 
indicate, the CTR of the sheep and deer follow a similar trend of increasing CTR with 
percent shaft location, but the deer have a much greater increase in CTR, representing a 
much greater increase in dorsal cortical thickness.  When the effect of species (as 
predictor variable) is examined while controlling for CTR and confounding variables, 
significant differences were found in BV/TV, TbSp, and DA (Table 55).  Bone volume 
fraction (BV/TV) and DA were shown to be higher in the deer while TbSp were shown to 
be higher in the sheep.  When the effect of species (predictor variable) was examined 
while controlling for CTR and region, BV/TV, ConnD, and DA were found to be 
significantly higher in the deer and TbSp was significantly higher in the sheep (Table 56).  
The dorsal and plantar region data were also examined separately with species as 
predictor variable and controlling for CTR and confounding variables.  In the dorsal 
region, BV/TV, TbSp, TbN, and DA were significantly higher in the deer (Table 57).   In 
the plantar region, BV/TV and DA were significantly higher in the deer and TbSp was 




Table 50.  Effect of species on each architectural measure in the plantar region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.012 (0.001 to 0.023) 0.036  Location, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.004 (-0.132 to 0.006) 0.460  
Location, BV/TV, TbSp, TbN, ConnD, 
DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    -0.103 (-0.146 to- 0.060) <0.001  Location, TbTh, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   0.015 (-0.021 to 0.052) 0.401  Location, BV/TV, TbTh, TbSp, ConnD 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.441 (0.232 to 1.113) 0.199  
Location, BV/TV, TbTh, TbSp, TbN, 
DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 51.  Effect of species on each architectural measure in the 20% diaphysis location 
controlling for region and confounders. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.011 (-0.014 to 0.036) 0.387  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.012 (-0.025 to 0.010) 0.068  Region, BV/TV, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    -0.026 (-0.052 to -0.001) 0.044  Region, BV/TV, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.047 (-0.035 to 0.147) 0.356  Region, BV/TV, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.340 (-0.995 to 1.675) 0.618  Region, BV/TV, TbTh, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 52.  Effect of species on each architectural measure in the 30% diaphysis location 
controlling for region and confounders. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.008 (-0.005 to 0.021) 0.259  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.005 (-0.012 to 0.003) 0.206  Region, BV/TV, TbSp, TbN, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    -0.006 (-0.027 to 0.015) 0.586  Region, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.072 (0.007 to 0.137) 0.030  Region, BV/TV, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.621 (-1.928 to 0.688) 0.353  Region, BV/TV, TbSp,  DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 53.  Effect of species on each architectural measure in the 40% diaphysis location 
controlling for region and confounders. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.003 (-0.130 to 0.194) 0.697  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.003 (-0.014 to 0.019) 0.744  Region, BV/TV, TbSp, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    -0.148 (-0.32 to 0.003) 0.092  Region, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.002 (-0.038 to 0.042) 0.924  Region, BV/TV, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.506 (-1.450 to 0.442) 0.295  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 54.  Effect of species on each architectural measure in the 50% diaphysis location 
controlling for region and confounders. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.007 (-0.005 to 0.019) 0.249  Region, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.002 (-0.020 to 0.024) 0.858  Region, BV/TV, TbSp, ConnD 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.043 (-0.023 to 0.109) 0.202  Region, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.018 (-0.036 to 0.071) 0.520  Region, BV/TV, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.476 (-0.096 to 1.047) 0.103  Region, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 55. Effect of species on each architectural parameter controlling for CTR and 
confounding variables. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.014 (0.003 to 0.026) 0.011  CTR,  TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.002 (-0.010 to 0.005) 0.581  CTR, TbSp, BV/TV, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species  -0.105 (-0.159 to -0.051) <0.001  CTR, TbTh, BV/TV, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.011(-0.021 to 0.042) 0.496  CTR, BV/TV, TbTh, TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.300 (-0.479 to 1.081) 0.450  CTR, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 








Table 56.  Effect of species on each architectural parameter controlling for region, CTR, 
and confounding variables.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.012 (0.003 to 0.023) 0.010  Region, CTR, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 
 




Region, CTR, TbSp, BV/TV, TbN, 
ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.105 (-0.159 to- 0.051) <0.001  Region, CTR, TbTh, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.011 (-0.021 to 0.042) 0.512  
Region, CTR, BV/TV, TbTh, TbSp, 
ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.603 (0.058 to 1.148) 0.030  
Region, CTR, BV/TV, TbTh, TbSp, 
TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






Table 57.  Effect of species on each architectural parameter controlling for CTR and 
confounding variables in the dorsal region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   0.026 (0.007 to 0.044) 0.006  CTR, TbTh, TbSp, TbN 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.001 (-0.011 to 0.009) 0.848  CTR, BV/TV, TbSp, TbN 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.090 (0.046 to 0.135) <0.001  CTR, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.053 (0.008 to 0.098) 0.021  CTR, BV/TV, TbTh, TbSp, ConnD, DA  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.051 (-0.904 to 0.803) 0.907  CTR, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 58.  Effect of species on each architectural parameter controlling for CTR and 
confounding variables in the plantar region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   0.017(0.002 to 0.033) 0.033  CTR, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.006 (-0.018 to 0.006) 0.332  CTR, BV/TV, TbSp, TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    -0.121 (-0.181 to -0.062) <0.001  CTR, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.017 (-0.034 to 0.069) 0.504  CTR, BV/TV, TbTh, TbSp, ConnD, DA  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.578 (-0.284 to 1.440) 0.189  CTR, BV/TV, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






The effect of species was additionally examined including Imax/Imin.  When the 
effect of species (predictor variable) was examined controlling for Imax/Imin and other 
confounders, BV/TV, TbSp, and DA were shown to significantly differ between the two 
species (Table 59).  When controlling for region also, BV/TV, TbSp, and DA were also 
shown to vary significantly with species (Table 60).  In the analysis of the dorsal data, 
BV/TV, TbSp, TbN, and DA all varied significantly with species (Table 61).  In the 





Table 59.  Effect of species on each architectural measure controlling for Imax/Imin and 
confounding variables. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.016 (0.001 to 0.031) 0.041  Imax/Imin,  TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.004 (-0.014 to 0.005) 0.429  
Imax/Imin, TbSp, BV/TV, TbN, 
ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   -0.079 (0.410 to 0.117) <0.001  Imax/Imin, TbTh, BV/TV, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.023(-0.016 to 0.063) 0.249  
Imax/Imin, BV/TV, TbTh, TbSp, 
ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.037 (-1.030 to 0.955) 0.941  Imax/Imin, TbTh, TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 







Table 60.  Effect of species on each architectural parameter controlling for region, 
Imax/Imin, and confounding variables.   
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.016 (0.001 to 0.031) 0.041  Region, Imax/Imin, TbTh, TbSp, TbN, ConnD, DA 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.005 (-0.015 to 0.005) 0.362  
Region, Imax/Imin, TbSp, BV/TV, 
TbN, ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species  -0.079 (0.041 to 0.117) <0.001  Region, Imax/Imin, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.022 (-0.017 to 0.063) 0.265  
Region, Imax/Imin, BV/TV, TbTh, 
TbSp, ConnD, DA 
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.068 (-1.062 to 0.927)   0.894  
Region, Imax/Imin, BV/TV, TbTh, 
TbSp, TbN, DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 






 Table 61.  Effect of species on each architectural measure controlling for Imax/Imin and 
confounding variables in the dorsal region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   0.039 (0.015 to 0.064) 0.002  Imax/Imin, TbTh, TbSp, TbN 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.007 (-0.021 to 0.006) 0.292  Imax/Imin, BV/TV, TbSp, TbN 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species    0.108 (0.046 to 0.169) 0.001  Imax/Imin, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.806 (0.010 to 0.127) 0.022  
Imax/Imin, BV/TV, TbTh, TbSp, 
ConnD, DA  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.047 (-1.613 to 0.676) 0.422  
Imax/Imin, BV/TV, TbTh, TbSp, TbN, 
DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 





Table 62.  Effect of species on each architectural measure controlling for Imax/Imin and 
confounding variables in the plantar region. 
BV/TV Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   0.007 (-0.012 to 0.026) 0.462  Imax/Imin, TbTh, TbSp, TbN, ConnD 
     
TbTh Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species -0.003 (-0.017 to 0.011) 0.632  
Imax/Imin, BV/TV, TbSp, TbN, 
ConnD, DA 
     
TbSp Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species   -0.170 (-0.239 to -0.101) <0.001  Imax/Imin, BV/TV, TbTh, TbN, ConnD 
     
TbN Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.027 (-0.033 to 0.086) 0.380  
Imax/Imin, BV/TV, TbTh, TbSp, 
ConnD, DA  
     
ConnD Coefficient (95%CI) p value   Controlling for (confounding variables): 
Species 0.395 (-0.629 to 1.420) 0.450  
Imax/Imin, BV/TV, TbTh, TbSp, TbN, 
DA 
     
DA Coefficient (95%CI) p value   Controlling for (confounding variables): 










The purpose of this study was to analyze trabecular architecture from the 
cancellous bone of the artiodactyl calcaneus to examine how trabecular bone architecture 
varies with respect to habitual loading in compression and tension.  The variation in 
architecture was assessed along the length of the bone, between dorsal and plantar 
regions, and with variation in cortical bone thickness ratio and Imax/Imin ratio.  The 
artiodactyl calcaneus was chosen because it has been shown to be habitually loaded in 
bending with compression predominant in the dorsal aspect of the bone and tension 
predominant in the plantar aspect in separate in vivo and in vitro strain gauge studies 
(Lanyon, 1973; Su et al., 1999).  While these strain gauge studies on the artiodactyl 
calcaneus reported predominant loading of the cortical bone and not cancellous bone, it 
was assumed that the cancellous bone in the same regions would be subject to similar 
load types, although certainly not as great of magnitude.     
The research sought to answer five main questions: 1) does trabecular bone 
architecture vary across the length of the bone, 2) does trabecular architecture differ 
between regions of cancellous bone under habitual compression and tension, 3) does 
trabecular architecture vary with cortical bone thickness ratio of the cross section, 4) does 
trabecular architecture vary with Imax/Imin ratio of the cross section, and 5) does 
trabecular bone architecture vary between the species.  To answer these questions 




bone in the dorsal and plantar regions and across the diaphyseal length of each bone from 
micro-CT scans.   
 
Question 1: Architectural Variation over Diaphyseal Length 
The correlation analyses for each trabecular architectural measure and diaphysis 
location for the dorsal and plantar regions of the sheep and deer indicate that for nearly 
all the measures there is moderate to high and statistically significant correlation between 
architectural measure variation and diaphysis location.  All but one trabecular 
architecture measures exhibited similar correlation trends (sign of correlation) in both the 
sheep and deer.  TbTh was negatively correlated with percent diaphysis location in the 
dorsal region of the sheep but positively correlated with percent location in the same 
region of the deer.   
When the data are separated into dorsal and plantar regions and change over 
percent diaphysis location is examined, the sheep dorsal region showed only a significant 
reduction in BV/TV while the deer had significant reduction in BV/TV and ConnD, and 
an increase in TbSp in the dorsal region.  Conversely, the plantar regions of the sheep and 
deer both had more significant differences in trabecular architecture over the diaphysis 
lengths.  The sheep plantar regions exhibited significant decreases in BV/TV, TbN, and 
ConnD but increases in TbTh, and DA.  The deer plantar regions similarly exhibited 
significant increases in TbTh and DA and decreases in ConnD, but also had significant 
increases in TbSp.    
The results show that the cancellous bone of the artiodactyl calcaneus becomes 
less dense and less connected with greater trabecular separation and fewer trabeculae 




Additionally, the cortical bone of both the sheep and deer becomes thicker overall and 
more asymmetrical in thickness between the dorsal and plantar cortices (see CTR 
results).  The distribution of cortical bone also becomes more asymmetrical in both 
species; however, it is much more pronounced in the deer than in the sheep (see 
Imax/Imin).  This differential thickening of the cortices and distribution of cortical bone 
across the length of the diaphysis is shown to be associated with significant variation in 
trabecular architecture. 
Functionally the artiodactyl calcaneus has been and can be best described as a 
cantilevered beam with habitual prevalent/predominant bending.  Beam theory indicates 
that the bending moments increase toward the middle region of a cantilevered beam.  It 
has been shown that bending (compression and tension) is more effectively countered by 
cortical bone than cancellous bone (Keaveny et al., 1994b; Bayraktar et al., 2004); thus, it 
would be expected that there would be an increase in cortical bone and decrease in 
cancellous bone toward the middle of the artiodactyl calcaneus.   
The increase in TbTh and DA seen in both the sheep and deer plantar regions 
suggest that while the amount of cancellous bone is decreasing with increasing percent 
diaphyseal length, the trabeculae are becoming thicker and more anisotropic.  Increased 
trabecular thickness has been shown to be highly correlated with maximum compressive 
stress, ultimate stress, and Young’s modulus,  higher trabecular bone stiffness, and shear 
modulus (Follet et al., 2005; Perilli et al., 2008) while lower TbTh values have been 
associated with lower Young’s and shear moduli (Ulrich et al., 1999; Mittra et al., 2005; 
Diederich et al., 2009; Liu et al., 2010).  Increasing DA values have been shown to be 
associated with increasing values of the mechanical properties (i.e., elastic modulus, yield 




direction of trabecular structure (Follet et al., 2005; Mittra et al., 2008).  Accordingly, it 
can be inferred that the cancellous bone of the plantar region has increased mechanical 
properties toward the middle of the diaphysis.   
The plantar regions of both species are believed to benefit from stress shielding 
due to the plantar ligaments and other soft tissues attached to and surrounding it.  This is 
associated with and has been used to explain a less significant increase in cortical 
thickness between 20% and 50% in the plantar region compared to the dorsal region.  The 
cancellous bone of both the sheep and deer plantar regions, however, appear to be 
altering the architecture in response to increased mechanical loads experienced toward 
the middle of the bone suggesting that despite the stress shielding effect of the soft 
tissues, the cancellous bone is experiencing and adapting to the increased loads.   
 
Question 2: Architectural Variation by Region 
The correlation analyses of each trabecular architecture measure with region 
showed mostly weak and not statistically significant correlations for both the sheep and 
deer.  The only significant correlation in the sheep was a weak (R=0.30) correlation 
between TbTh and region.  In the deer, significant weak correlations were found between 
BV/TV (R=0.31), TbTh (R=0.28) and DA (R= -0.39).  The results of the initial analysis 
with the whole data show that for the sheep calcaneus there were no differences between 
the dorsal and plantar regions for any of the architectural measures.  Similarly, in the deer 
calcaneus there were also no significant differences found between architectural measures 
in the dorsal and plantar regions, except in DA.  In the deer calcaneus, DA was found to 
be higher in the dorsal (compression) region than in the plantar (tension) region.  This 




sheep calcaneus, as a whole, trabecular architecture does not vary between the dorsal and 
plantar regions, and thus does not vary between cancellous bone under habitual 
compression and tension.  However, when each percent diaphysis location was examined 
separately for differences between the two regions, several significant differences were 
identified that indicate that the alteration in trabecular architecture between dorsal and 
plantar occurs on a considerably localized level, especially in the deer calcaneus.  The 
only significant differences in regional trabecular architecture exhibited by the sheep 
were at the 20% region where DA was found to be significantly higher in the dorsal 
region, and at the 40% location where TbSp was significantly higher in plantar region.  
The deer data exhibited slightly more significant differences between dorsal and plantar 
regions at the individual percent diaphysis locations.  In the 20% location, ConnD was 
significantly higher and DA significantly lower in the plantar region.  Trabecular 
separation and DA both were found to be significantly higher in the dorsal region at the 
30% location.  In the 50% location, five of the six measures were found to be 
significantly different between the dorsal and plantar regions.  Bone volume fraction 
(BV/TV), TbTh, TbN, and DA were all higher in the plantar region while TbSp was 
higher in the dorsal region.  In the 50% location, the trabecular architecture of the deer 
calcaneus is significantly different between the dorsal and plantar regions.  The 
cancellous bone of the plantar region is more dense, with thicker less separated 
trabeculae, greater number of trabeculae, and more anisotropic arrangement compared to 
the cancellous bone in the dorsal region.  This is the location where the highest bending 
moments are expected.  The thicker cortical bone of the dorsal region is able to 
effectively counter the increased loads resulting in less magnitude of load reaching the 




increased role for the cancellous bone in load bearing resulting in the identified 
differences in trabecular architectural measures.  The 40% location of the deer, however, 
did not have any significant differences between the dorsal and plantar regions.  It would 
be expected that the 40% location would have nearly as great of bending moments and, 
accordingly, should have similar trabecular architecture, but it does not have any 
significant differences between the dorsal and plantar regions. These contradictory data 
require further analysis.  One possible explanation is the fact that at the 50% location, in 
some of the specimens, there is a separation between the dorsal and plantar cancellous 
bone with sparse trabeculae connecting the two regions.  This does not occur in the 40% 
location or in the sheep (See Figures 8 and 9).   
 
Question 3: Architectural Variation with Cortical Thickness 
 Ratio (CTR) 
The CTR was shown to have strong statistically significant correlation with 
percent diaphysis location in both the sheep and deer.  The CTR was also shown to be 
moderately to strongly and significantly correlated with all trabecular architecture 
measures except for TbN and ConnD in the sheep in the dorsal region and all but TbTh in 
the dorsal region of the deer.  In the plantar region all trabecular measures were 
significantly correlated with CTR for both the sheep and deer.  Due to the strong 
correlation with percent diaphysis location, it is not surprising that the results of the 
analyses with CTR were similar to those with location. When CTR was used as the 
predictor variable significant differences were found in five of the six architectural 
measures in the sheep and four of the six measures in the deer.  In both species TbN 




BV/TV decreased and TbTh increased while in the deer TbSp increased with increasing 
CTR.  Also, similar to the location analyses, when the dorsal and plantar data are 
separated BV/TV and ConnD showed significant change with CTR in the sheep, 
decreasing with increasing CTR.  In the plantar region all but one measure showed 
significant difference with CTR (also similar to the location data), BV/TV decreased, 
TbTh increased, TbN decreased, ConnD decreased, and DA increased with increasing 
CTR.  Thus for the sheep data, as CTR increases (and the dorsal cortical thickness 
increases relative to the plantar cortical thickness) the cancellous bone becomes less 
dense and less interconnected, with fewer but thicker trabeculae and more anisotropic in 
orientation.  This is especially seen in the plantar region. These changes occur in 
conjunction with increased cortical bone thickness across the length of the diaphysis, 
especially in the dorsal region.  In the deer, four of the six measures were found to 
significantly change with CTR in the dorsal region.  BV/TV decreased, TbSp increased, 
ConnD decreased with increasing CTR.  Differing from the location data, TbN was found 
to significantly decrease with increasing CTR.  In the plantar region the deer showed 
significant differences in TbTh (increasing), TbN (decreasing), ConnD (decreasing), and 
DA (increasing) with increasing CTR.         
Most of the significant differences seen with CTR are associated with an overall 
decrease in cancellous bone, but the increase in TbTh and DA seen in both the sheep and 
deer plantar surfaces indicates that while the amount of cancellous bone is decreasing 
with increasing CTR, the trabeculae are becoming thicker and more anisotropic.  As 
mentioned before, increased trabecular thickness has been shown to be highly correlated 
with many biomechanical measures of trabecular bone strength ( Ulrich et al., 1999; 




2010).  Increasing DA values have been shown to be associated with increasing values of 
the mechanical properties (i.e., elastic modulus, yield strength, and ultimate stress) when 
cancellous bone samples are loaded in the principal direction of trabecular structure 
(Follet et al., 2005; Mittra et al., 2008).  The CTR data suggest that plantar regions of 
both the sheep and deer are altering the trabecular thickness and degree of anisotropy in 
response to the increased loads experienced toward the middle of the bone, but in the 
dorsal regions the increased amount of cortical bone effectively counters the increased 
bending loads. 
Analyses with region as the predictor variable and controlling for CTR showed 
that only DA was significantly different by region for both the sheep and deer data.  
These results follow the aforementioned results for regional differences indicating that 
more differences occur in the trabecular architecture in increasing CTR than do between 
the regions. 
 
Question 4: Architectural Variation with Imax/Imin  
Analyses of Imax/Imin ratio revealed that in both the sheep and deer calcaneus 
Imax/Imin is highly correlated with percent diaphysis location, increasing toward the 
middle of the bone.  The sheep and deer, however, have very different ranges of 
Imax/Imin values across the calcaneal diaphysis.  The sheep values range from a mean of 
1.23 at 20% to 2.24 at 50% while the deer have much higher means of 2.38 at 20% and 
5.44 at 50%.   The higher Imax/Imin values indicated not only a greater departure from 
circularity but, more importantly, a more defined direction of greatest bending rigidity in 
the deer than in the sheep across the calcaneal diaphysis.  The deer are believed to have 




modalities experienced) than the domesticated sheep.  Relatively, the Imax/Imin data 
indicate that the cortical bone of the deer calcaneus has much greater bending rigidity 
through the dorsal and plantar surfaces than the sheep.  Correlation analyses of each 
architectural measure with Imax/Imin ratio by region showed that in the sheep all 
measures but ConnD in the dorsal region were moderately to highly and significantly 
correlated with Imax/Imin.  In the deer, all trabecular architectural measures were 
moderately to highly and significantly correlated with Imax/Imin in both the dorsal and 
plantar regions.   
The analyses with region as the predictor variable and controlling for Imax/Imin 
showed no significant differences in architectural measures between the regions in the 
sheep and only one (DA) in the deer further confirming that the regional differences in 
trabecular architecture are not as great or significant as the differences across the 
diaphysis and with change in cortical bone distribution and geometry. 
Results of the analyses with Imax/Imin as the predictor variable for each 
architectural measure mirrored the results of the same analyses with CTR in the sheep 
with significant changes in BV/TV, TbTh, TbN and ConnD with increasing Imax/Imin.  
However, in the deer, the Imax/Imin analyses showed significant change in only two 
(TbSp and DA) compared to four in the CTR analyses (TbSp, TbN, ConnD, and DA).   In 
the sheep, when the dorsal and plantar regions were individually assessed with 
Imax/Imin, the results closely mirrored those of the analyses with CTR for both the 
dorsal and plantar regions.  Only TbN fell out of significance in the plantar region with 
Imax/Imin.  For the deer, however, the results with Imax/Imin were quite different from 
those with CTR especially in the plantar region.  Only one of the six measures (TbSp was 




with CTR. Clearly the use of the geometric property to assess trabecular variation is more 
sensitive than the CTR in the deer.   
  
Question 5: Architectural Variation by Species 
 Both the sheep and deer calcanei have been shown to be under habitual 
predominant/prevalent bending with compression dominating the dorsal aspect and 
tension dominating the plantar aspect (Lanyon, 1974; Su et al., 1999).  The deer 
calcaneus was also shown to have highly consistent dorsal-compression and plantar-
tension strains during off-axis loading meant to simulate extreme loading from twisting, 
running, and jumping (Su et al., 1999).  The sheep and deer are species that share a 
common body plan and general locomotor mode but have altered behavior. The deer is 
considered to have increased loading due to the natural habitat and habitual activity levels 
that would subject the deer calcaneus to more extreme loading and thus higher bending 
loads, as is indicated by the Imax/Imin mean data.  This differential loading is expected 
to produce trabecular architecture more suited to higher stresses and bending loads 
produced from their habitual activity when compared to the sheep with less extreme 
habitual loads and activity levels. 
 The primary whole data analysis showed that the sheep generally have cancellous 
bone that had greater trabecular separation and less degree of anisotropy.  Analyses to 
compare the effect of species on each trabecular architectural measure, while controlling 
for region, showed that TbSp and DA differed between the species.  The deer were found 
to have significantly lower TbSp and higher DA compared to the sheep.  The analyses by 
species and controlling for location showed the same pattern of difference.  The separated 




less anisotropically oriented.  In the dorsal region, however, the sheep significantly lower 
TbSp than the deer, and in the planter the sheep had higher TbSp than the deer.  The 
analyses for each percent diaphysis location with species as the predictor variable showed 
that for all locations the deer had significantly higher DA, at the 20% location sheep had 
higher TbSp, and at the 30% location the deer had higher TbN.   
When the differences between the species are analyzed controlling for CTR, 
significant differences were shown in BV/TV (higher in deer), TbSp (higher in sheep), 
and DA (higher in deer).  When both CTR and region are controlled for the same pattern 
is seen except ConnD is also found to be significantly higher in the deer.  When dorsal 
and plantar data are examined separately controlling for CTR, BV/TV and DA were 
shown to be higher in the deer for both dorsal and plantar regions.  Trabecular separation 
(TbSp) was found to be higher in deer in the dorsal region but lower in the deer in the 
plantar region.     
Analysis of the Imax/Imin ratio with trabecular architectural measures by species 
showed similar patterns as the CTR analyses for the data as whole and with dorsal and 
plantar regions separately. 
Some clear significant differences between the species exist across all analyses.  
DA differs significantly between the species, with the deer having higher DA than the 
sheep.  Similarly, the deer exhibit higher BV/TV than the sheep and generally higher 
TbSp in the dorsal region but lower TbSp in the plantar region.  Greater DA is associated 
with increasing values of the mechanical properties (i.e., elastic modulus, yield strength, 
and ultimate stress) (Follet et al., 2005; Mittra et al., 2008) as would be expected with 
more extreme habitual loading seen in the deer.  Similarly, lower TbSp has been shown 




al., 2005; Mittra et al., 2008).  
As the deer calcanei are believed to be subjected to more extreme loading 
conditions and thus higher bending loads, the greater cortical bone asymmetry and cross-
sectional distribution along the length of the diaphysis of the deer calcaneus compared to 
that of the sheep is expected due to the habitual loading conditions.  Higher bending loads 
and greater stresses experienced by the deer would suggest that the cancellous bone of the 
deer would exhibit trabecular architecture to withstand the high loads compared to the 
sheep calcaneus.  This appears to be the case for the deer calcaneus.  
 
Considerations and Conclusions 
There are some technical considerations that also need to be examined as they 
may have affected the outcome of this research.   This research focused only on small 3 
mm cubic regions of interest (ROI) taken from the dorsal and plantar portions of the 
cancellous bone mass.  There has been little discussion of appropriate ROI size for micro-
CT studies to ensure adequate and meaningful representation of trabecular architectural 
measures.  While not directly associated, van Rietbergen and Hiuskes (2001) state that 
for cancellous bone mechanical characterization, a volume should be at least five inter-
trabecular lengths (or be approximately 3 to 5 mm) to obtain meaningful results. It is 
possible that there is a similar size threshold for trabecular architectural measures.  
Increasingly, micro-CT has been used to assess the architecture of much smaller regions 
of cancellous bone.  Most micro-CT studies have used ROI’s sized within these 
parameters.  These studies have been based on the hypotheses developed for the whole 
cancellous bone mass but applied to the smaller regions of interest.  Some micro-CT 




cancellous bone mechanical measures and architectural measures while others have not.  
It is possible that the focus on such small regions of interest could be too narrow to 
capture an accurate view of the architecture and trabecular architecture studies should be 
using the largest possible ROIs.   
The ROI’s size for this study was dictated by the size and shape of the bones and 
the research questions.  It could be possible that this size of ROI is too small to 
adequately capture the architecture of the cancellous bone and any variation or 
differences between the dorsal and plantar aspects of the artiodactyl calcaneus.  However, 
increasing the size of the ROI’s would require moving the placement of the regions more 
toward the middle of the cancellous mass, especially in the dorsal aspect, to ensure 
exclusion of cortical bone and thus move the ROI away from the bone most likely under 
compression or tension.    
There are some important aspects of cancellous bone adaptation and habitual 
loading that were not considered in this research and will need to be further examined 
and addressed in future analyses.  It has been suggested that trabecular architecture may 
develop in a more genetically programmed fashion that is only minimally mechanically 
influenced by habitual loading (Kriz et al., 2002; Lovejoy et al., 2003).  In fetal sheep and 
deer calcanei arched trabecular tracts similar to those seen in adults of the same species 
are present (Lanyon, 1973; Skedros et al., 2007) and the orientation of the epiphyseal 
plate in developing sheep and deer calcanei are described by the same nonlinear equation 
throughout growth of the bone (Skedros and Brady, 2001).  It has been suggested that the 
trabecular pattern seen in the calcaneus could be the result of genetic positional 
information, such as the orientation of the growth plate (Kriz et al., 2002; Lovejoy et al., 




Carter and Beaupre, 2001; Skerry, 2000; Skedros and Baucom 2007).  Supporting the 
latter hypothesis, an unpublished account from Lanyon and Goodship, reported by Skerry 
(2000), reports that with transection of the Achilles tendon in a living fetal lamb prenatal 
growth resulted in disorganized trabeculae compared with the contralateral control.  
Further analyses are required to examine the development of trabecular architecture and 
influence of positional information and mechano-biological loading.   
Similarly, an important variable that needs to be considered is the magnitude of 
the strains experienced by the bone not just the strain modes, as differences in the 
organization of bone may be more strongly correlated with the magnitudes of the 
principal compressive and tensile strains (Su et al., 1999).  In vitro functional loading of 
the deer calcaneus produced near-longitudinal principal compressive strains in the dorsal 
cortex and near-longitudinal principal tensile strains in the plantar cortex.  The magnitude 
of the compressive strains in the dorsal cortex was shown to be nearly half as great as the 
magnitude of the tensile strains.  However, it was noted that the plantar strains were 
recorded after separation of the plantar ligament, necessary to attach the strain gauges, 
and also after transection of the plantar ligament.  The authors estimated the plantar 
tensile strains before the plantar ligament was separated, and indicated that the plantar 
cortex typically experiences moderately high peak strains, even with the attached tendon 
and ligament.  The magnitude of strains experienced by the cortical shell is logically 
greater than that experienced by the underlying cancellous bone.  Measurement of the 
magnitude of cancellous bone loads (either through FEA analysis or with an in vitro/in 
vivo device designed to measure specifically cancellous loads) will be required to 




Mechanical testing of the trabecular bone of the artiodactyl calcaneus from the 
study locations and regions also needs to be completed to see if the architecture correlates 
with mechanical properties as studies of other bones have found.  Such mechanical 
testing would be helpful in understanding the significance of the few differences seen 
between the dorsal and plantar surfaces at the difference percent locations.   It may be 
that the cancellous bone mass in the artiodactyl calcaneus is too small to have significant 
differences regionally (between dorsal and plantar). Loads engendered on one 
surface/region may be transferred to the opposite due to the smaller distance between the 
surfaces.  Again, additional studies on how loads are transferred through cancellous bone, 
and in this instance especially in the artiodactyl calcaneus, are needed to understand how 
far/deep loads are transferred into a mass of cancellous bone.  These future studies need 
to take into account the magnitude of the loads and geometry of surrounding cortical 
bone to see how well trabecular architecture is adapted to predominant loads alone or if it 
is also adapted to loads transferred from opposing surfaces.   
    The statistical analyses specifically for repeated measures were required for the 
data in this study to account for the lack of independence among the metrics analyzed.  
The final multiple regression models for repeated measures that were used in this analysis 
included all other variables that were found to be confounding variables in the model.  
The importance of confounding variables due to intercorrelation of the measures has not 
been included or discussed in most research concerning architectural measures.  
However, as indicated by this study and the high prevalence of multiple confounding 
variables for each architectural measurement, this is a consideration that needs to be 




It is clear from the results of this study that cancellous bone of the artiodactyl 
calcaneus cannot be looked at in isolation. In the artiodactyl calcaneus, cortical bone 
plays a significant role in bearing loads and trabecular architecture appears to be 
correlated with cortical bone thickness and distribution more than with load type.  In the 
dorsal region, most of the load is likely absorbed (carried) by the thicker cortical bone 
while in the plantar region the thinner cortical bone may result in more of the load 
reaching the cancellous bone and therefore the trabecular architecture of this region has 
to be adapted for the increased loading the bone would experience.  The trabecular bone 
from the plantar region has more significant changes likely due to the inherent properties 
of trabecular bone under tension and also due to the thinner cortical bone in the area 
resulting in more of the loads, greater magnitude, being experienced by the trabecular 
bone.  Additionally, the role of soft tissue on the plantar surface needs to be better 
elucidated.  While the area is thought to benefit from stress shielding due to the plantar 
ligament and superficial digital flexor tendon, the extent of protection provided by these 
tissues and how that affects the trabecular bone needs to be better understood through 
additional studies. 
Deer appear to have trabecular bone, especially in the plantar region, that is more 
adapted to more extreme loads compared to the sheep.  Deer trabecular bone is more 
anisotropic and has less trabecular separation in this region.  Imax/Imin data show that 
deer have much higher ratio than the sheep in all diaphyseal locations.  This relates to the 
shape of the cross section of the deer being much more oval/oblong along the 
dorsal/plantar plane but also the asymmetrical distribution of the cortical bone between 
dorsal and plantar surfaces as well as a more defined plane of bending.  There are also 




deer have more extreme habitual loading.  The magnitude of the loads as well as the 
amount of variation in loading pattern is likely very different between the two species.  
Deer are more likely to have more varied loading regimes at times that produce more 
varied loads (more twisting, shear, and lateral loads) that result in more “nonnormal” 
loading of the calcaneus and thus the deer trabecular bone could be more adapted to 
varied loads as well. 
Finally, the use of trabecular bone to identify or distinguish locomotor activity for 
extant and extinct species may be premature.  More work needs to be done with in vivo 
and in vitro analyses of loading mode and magnitude on the architecture of trabecular 
bone before it can be applied to unknowns as a diagnostic tool.  Similar to cross-sectional 
data it could be that trabecular architectural variation is best used in a relative sense and 
that direct behavioral or loading type/magnitude reconstructions using trabecular 
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